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ABSTRACT OF DISSERTATION
NANOSCALE DEVICES CONSISTING OF HETEROSTRUCTURES OF
CARBON NANOTUBES AND TWO-DIMENSIONAL LAYERED MATERIALS
One dimensional carbon nanotubes (CNTs) and two-dimensional layered materials
like graphene, MoS2, hexagonal boron nitride (hBN), etc. with different electrical and
mechanical properties are great candidates for many applications in the future. In this
study the synthesis and growth of carbon nanotubes on both conducting graphene and
graphite substrates as well as insulating hBN substrate with precise crystallographic
orientation is achieved. We show that the nanotubes have a clear preference to
align to specific crystal directions of the underlying graphene or hBN substrate. On
thicker flakes of graphite, the edges of these 2D materials can control the orientation
of these carbon nanotubes. This integrated aligned growth of materials with similar
lattices provides a promising route to achieving intricate nanoscale electrical circuits.
Furthermore, short channel nanoscale devices consisting of the heterostructure of 1D
and 2D materials are fabricated. In these nanoscale devices the nanogap is created
due to etching of few layer graphene flake through hydrogenation and the channel
is either carbon nanotubes or 2D materials like graphene and MoS2. Finally the
transport properties of these nanoscale devices is studied.
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Chapter 1 Background and Introduction
1.1 Motivation
The fundamental physical properties and technological applications of nanoscale de-
vices depend on the materials utilized in their construction. The continued search for
new material for nanoscale devices is of critical importance as their sizes continues to
shrink. Exciting potential candidate materials for new devices with novel functional-
ities are the family of two dimensional (2D) layered materials that consist of layered
structures. In these structures, the individual layers typically consist of covalently
bonded atoms, with the layers bound to each other by van der Waals interactions.
Graphene, which is a single atomic layer of graphite, was the first high-publicized
2D material to be isolated on a silicon substrate in 2004. [1] This discovery sparked
tremendous excitement in 2D materials. Graphene has great potential for a wide
variety of applications which has attracted diverse scientific research from engineering,
chemistry, materials sciences, and physics. In addition to its extraordinary properties,
graphene serves as a gateway for exploring low dimensional physics and to create a
path for the future generation of electronic devices with atomically thin architecture.
Successful research on graphene has opened a new prospect to explore other 2D
layered materials and after almost a decade, dozens of these 2D material with various
electronic properties have been isolated, synthesized and studied extensively. This
includes, for example, research on pristine 2D materials such as transition metal
dichalcogenides (TMDCs), hexagonal boron nitride (hBN), and black phosphorus. In
addition to efforts in discovering new 2D materials, there has been considerable effort
in discovering new phenomena within these lower-dimensional systems through the
formation of nanostructures and heterostructures. [2–4]
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Figure 1.1: Different allotrope of carbon (a) 3D form of sp2 structure of carbon,
graphite, or stack of graphene layers. (b) 3D, Diamond with tetrahedral and sp3
structure (c) 0D, Fullerene (C60) that is a sheet of graphene formed into a sphere.
(d) 1D, carbon nanotubes as graphene rolled-up into a cylinder. (e) 2D, Graphene.
Reproduced by permission from reference [10]
1.2 1D and 2D Materials
Carbon is the only known element to be thermodynamically stable in the forms of
0D Fullerenes [5], 1D nanotubes and nanoribbon [6–8], 2D sheets [1], and 3D layered
(Graphite) and fully covalently bonded (Diamond) structures (see Figure 1.1).
However, except in the case of Diamond, where carbon atoms are arranged in
tetrahedral structure with sp3 hybridized bonds, all other structures are a family of
sp2 hybridized carbon atoms. For these sp2 hybridized forms of the carbon family, the
six-fold symmetric honeycomb structure of graphene serves as a common motif, apart
from the inclusion of defects within this lattice that allow for the formation of Buck-
eyballs and nanotube end-caps. In the case of carbon nanotubes, these are essentially
rolled up sheets of graphene, while graphite is a stack of individual graphene layers.
Although these sp2 carbon allotrope all contain many structural similarities, their
very different dimensionalities can lead to unique electronic, thermal, mechanical and
optical properties [9].
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1.2.1 Graphene
Graphene is a one atom thick sheet of carbon atoms with a hexagonal structure. In
this honeycomb structure the carbon atoms are located at the corners of the hexagons.
To see how this structure forms we need to understand the type of bonding between
carbon atoms.
Carbon atoms have 6 electrons in its ground state. Its electronic configuration is
1s22s22p2. The 1s and 2s orbitals have a spherical shape and the 2p orbitals form a
dumbbell shape, where they are located along x, y, and z directions, 2px, 2py, and 2pz.
Thus, two electrons are in the 1s orbital, two electrons are in the 2s orbitals, and the
remaining two electrons fill the 2px and 2py orbitals, leaving 2pz orbital empty. In this
configuration the two electrons in the 1s orbital are very close to nucleus and do not
participate in chemical reactions. Since the energy of the 2p states are ∼ 4 eV above
the 2s states, it is possible for one of the 2s electrons to get excited to the 2p state.
The excitation can occur when the carbon atoms are brought very close to each other
or when they are in the vicinity of other atoms like hydrogen. This excitation results
in the formation of hybridized states. Carbon atoms can form sp1 hybridization that
is seen in Acetylene C2H2, sp
2 hybridization that is found in graphene, CNTs and
bulky balls (C60) or sp3 hybridization that is seen in diamond.(see Figure 1.2)
In the case of graphene, the sp2 hybridization occurs when one of the 2s electrons
gets excited to the 2pz orbital and forms three sp
2 hybridized orbitals. These three
hybridized orbitals lie in the xy plane and are separated by 120 degrees. The remain-
ing 2pz orbital lie along the z axis. As a result, each individual carbon atom has three
filled in-plane sp2 hybridized orbitals that make three covalent σ bonds with the three
carbon atoms in the vicinity. This hybridization also half-fills the out-of-plane 2pz
orbital that makes the π bond with other carbon atoms. The resulting σ bonds create
the short interatomic distance of 1.42 Åthat give graphene its exceptional mechanical
properties. The π bonds not only provide a weak van der Waals interaction between
3
Figure 1.2: Three possible types of hybridization in carbon which allow it form various
types of structures.
graphene layers, but also they result in formation of π and π∗ bands that are mainly
responsible for conductivity in graphene. Figure 1.3 illustrate the formation of the σ
and π bonds in sp2 hybridized carbon atoms in a planar ring.
Figure 1.3: σ and π bonds illustration in one planar ring of graphene. Reproduced
by permission from reference [11]
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Figure 1.4: (a) Lattice structure of graphene, a1 and a2 are the unit vectors of
graphene, and δ1, δ2, and δ3 are the nearest neighbor vectors. (b) The corresponding
reciprocal lattice where the first Brillouin zone shaded and the high symmetry points
of Γ, K and M labeled. The Γ, K and M points are located at the center, corners,
and midpoints of the sides of Brillouin zone, respectively
Direct Lattice of Graphene
In general, a hexagonal lattice is not a Bravais lattice because we cannot construct all
the lattice points by lattice vectors. However, the hexagonal lattice can be considered
as a combination of two triangular lattices with two atoms in the unit cell. Figure
1.4(a) shows the hexagonal structure of graphene with A and B sub-lattices. Each
carbon atom has one electron in the pz orbital, so there will be two electrons in the
unit cell, which results in two bands known as π and π∗.
In Figure 1.4(a), ac−c=1.42 Å is the inter atomic distance between carbon atoms
and vectors a1 and a2 show the lattice vectors of graphene that can be written as
a1 = aex and a2 =
1
2
aex +
√
3
2
aey (1.1)
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where we have
|a1| = |a2| = a = 2.46Å (1.2)
a1 · a1 = a2 · a2 = a2 (1.3)
a1 · a2 =
a2
2
(1.4)
area of the hexagon or the area of the graphene unit cell = |a1 × a2| =
√
3a2
2
(1.5)
Reciprocal Lattice of Graphene
In the following, we see that reciprocal lattice of graphene is a another hexagonal
lattice that has been rotated 90◦ with respect to real space lattice. The reciprocal
lattice vectors of graphene can be written as:
b1 =
4π√
3a
(
√
3
2
ex −
1
2
ey) and b2 =
4π√
3a
ey (1.6)
and we see that
|b1| = |b2| =
4π√
3a
(1.7)
b1 · b1 = b2 · b2 =
4
3
(
2π
a
)2
(1.8)
b1 · b2 = −
2
3
(
2π
a
)2
(1.9)
Figure 1.4(b) shows the reciprocal lattice of graphene where the Brillouin zone
has been shaded in gray. There are few points in the reciprocal lattice of graphene
with a high symmetry which have been labeled as Γ, M, and K in Figure 1.4(b).
The Γ point is at the center of Brillouin zone where |k| = 0. The K points are at the
6
corner of Brillouin zone where k has its maximum value and |k| = 4π
3a
. And finally
M points are at the the midpoints between the corner of the Brillouin zone where
|k| = 2π√
3a
. In the following we see that at the corners of Brillouin zone the valance
band and conduction bands touch each others. These points are well-known as K
points or Dirac points.
Band Structure of Graphene, Tight-Binding Approach
To find an expression for band structure of graphene we start with time independent
Schrodinger’s equation:
HΨ(k, r) = E(k)Ψ(k, r) (1.10)
H =
~
2m
∇2 +
n∑
i
U(r−Ri) (1.11)
where Ψ(k, r) and when the Hamiltonian H operates on this wave function provides
the allowed energies of E(k). The first term in equation 1.11 is the operator for
kinetic energy and the second term is the operator of potential energy. N is the total
number of primitive unit cells, Ri is the ith Bravias lattice vector, and U(r − Ri)
is the potential energy corresponds to the ith primitive unit cell. The solution for
Schrodinger equation must satisfy the Bloch’s theorem which states the waves in the
periodic lattice can be described as:
Ψ(r + R) = eik·RΨ(r) (1.12)
To find out the dispersion relation for graphene through tight-binding approach
we need to create a wave function which satisfies the Bloch’s theorem. Since graphene
is a two atoms basis, the wave function which satisfies the Bloch’s theorem is a sum
of two sub-lattice Bloch functions:
Ψ(k, r) = CAΦA(k, r) + CBΦB(k, r) (1.13)
7
considering the ansats the Bloch wavefunction can be written as a linear combination
of atomic orbitals:
ΦA(k, r) =
1√
N
N∑
j
eik·RAjφ(r−RAj) (1.14a)
ΦB(k, r) =
1√
N
N∑
j
eik·RBjφ(r−RBj) (1.14b)
where φ functions are the atomic orbital functions, i.e. the atomic wavefunctions
corresponds to the pz atomic orbitals.
Now by substituting equation 1.13 into Schrodinger equation 1.10 we have:
CAHΦA(k, r) + CBHΦB(k, r) = E(k)CAΦA(k, r) + E(k)CBΦB(k, r) (1.15)
And by multiply equation 1.15 by Φ∗A and Φ
∗
B separately (and drop the k and r) we
obtain:
CAΦ
∗
AHΦA + CBΦ
∗
AHΦB = ECAΦ
∗
AΦA + ECBΦ
∗
AΦB (1.16a)
CAΦ
∗
BHΦA + CBΦ
∗
BHΦB = ECAΦ
∗
BΦA + ECBΦ
∗
BΦB (1.16b)
Now integrating over the entire space of graphene lattice we have:
CA
∫
Φ∗AHΦAdr + CB
∫
Φ∗AHΦBdr = ECA
∫
Φ∗AΦAdr + ECB
∫
Φ∗AΦBdr (1.17a)
CA
∫
Φ∗BHΦAdr + CB
∫
Φ∗BHΦBdr = ECA
∫
Φ∗BΦAdr + ECB
∫
Φ∗BΦBdr (1.17b)
To simplify the above equations we consider Hij and Sij as follow:
Hij =
∫
Φ∗iHΦjdr, and Sij =
∫
Φ∗iΦjdr (1.18)
Where Hij are matrix elements of the Hamiltonian matrix and Sij are the overlap
matrix elements. knowing the two atoms A and B in the unit sell of graphene are
identical, the overlap between type A atoms is identical to overlap between type B
atoms. Moreover, the fact that Hij and Sij are physical observer make them to be
Hermitian. As a result we have:
HAA = HBB and, SAA = SBB (1.19)
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H∗AB = HBA and, S
∗
AB = SBA (1.20)
This will simplify equation 1.17 into:
CA(HAA − ESAA) = CB(ESAB −HAB) (1.21a)
CA(H
∗
AB − ES∗AB) = CB(ESAA −HAA) (1.21b)
Calculating CB from 1.21a and insert it into 1.21b we obtain the first expression for
energy band:
E(k) = −
E0(k) +
√
E0(k)2 − 4 (SAA(k)2 − |SAB(k)|2) (HAA(k)2 − |HAB(k)|2)
2 (SAA(k)2 − |SAB(k)|2)
(1.22)
where
E0(k) = (2HAA(k)− SAA(k)− SAB(k)H∗AB(k)−HAB(k)S∗AB(k)) (1.23)
Finally using the nearest neighbor approximation the dispersion relation for 2D sheet
of graphene can be calculated as
E(kx, ky) = ±t
√√√√1 + 4 cos(akx
2
)
cos
(√
3aky
2
)
+ 4 cos2
(
akx
2
)
(1.24)
The elaborate version of this tight binding calculations and more details on the nearest
neighbor approximation can be found in reference [12].
Figure 1.5 illustrate the full energy dispersion surface of graphene. The zoomed
in figure shows the linear dispersion relation close to the Dirac points. As we see in
equation 1.24 at Γ point which is the center of Brillouin zone and |k| = 0, the bands
are separated by 6t. At K points or Dirac points which are the corner of Brillouin
zone and k has its maximum value of |k| = 4π
3a
the valance band and conduction band
touch and this makes graphene a zero-bandgap conductor. And finally at M points
where |k| = 2π√
3a
, the bands are separated by 2t.
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Figure 1.5: Illustration of graphene band structure. Reproduced by permission from
reference [13].
1.2.2 Carbon Nanotube
Carbon nanotubes (CNTs) are considered a sheet of graphene that has been rolled
into a cylinder. When n layers of graphene are rolled into a tube the result would be
n concentric tubes, which is known as a multi-wall carbon nanotubes (MWCNT). If
only one single layer of graphene is rolled into a tube, the result will be a single wall
carbon nanotube (SWCNT).
A single wall carbon nanotube is defined by a wrapping vector or chiral vector,
Ch, which is seen in Figure 1.6(a), can be defined by the real space lattice vectors of
graphene, a1 and a2.
Ch = na1 +ma2 (1.25)
The integers n and m determine the chirality of the carbon nanotubes and the mag-
nitude of the chiral vector determines the circumference of the nanotubes. Thus, we
can write:
|Ch| = a
√
n2 + nm+m2 (1.26)
so the diameter of the nanotube, d is given by
d =
|Ch|
π
=
a
π
√
n2 + nm+m2 (1.27)
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Figure 1.6: (a) Illustration of CNTs which form by rolling a sheet of honeycomb
graphene into a cylinder. The shaded region in red shows the CNT unit cell. The
warping vector Ch and translation vector T of a CNT are shown on the lattice of
graphene. (b) Different carbon nanotubes structures, zigzag, armchair, and chiral.
Adapted from reference [14]
The direction of the chiral vector is specified by the chiral angle, θ, which is the angle
between a1 and the chiral vector Ch calculated from
cos θ =
a1 ·Ch
|a1||Ch|
=
2n+m
2
√
n2 + nm+m2
(1.28)
Carbon nanotubes that are defined by the chiral vector are called (n,m) carbon
nanotubes, as is seen in Figure 1.6(b) if n = m the (n, n) tubes are called armchair
tubes, and (n, 0) tubes are called zigzag tubes. The armchair and zigzag carbon
nanotubes correspond to θ = 30 and θ = 0, respectively.
The vector T in Figure 1.6(a) is called the translational vector of the the carbon
nanotube and specifies the unit cell of carbon nanotube. The translational vector is
perpendicular to the chiral vector, Ch, and connects two lattice points with the same
type (A or B) of lattice point. It can be expressed in terms of the graphene real space
vectors a1 and a2
T = t1a1 + t2a2 (1.29)
Considering the fact that Ch and T are perpendicular to each other we can find t1
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and t2 in terms of n and m.
Ch ·T = 0 (1.30)
using equations 1.3,1.4,1.25,1.29, and 1.30 we have t1(2n+m)+t2(2m+n) = 0, which
results in t1 = (2m+n) and t2 = −(2n+m). To make sure that T only extend to the
first lattice point like the initial one and gives us the smallest value we divide these
two values by their greatest common divisor, so we obtain an expression for T:
T =
2m+ n
R
a1 −
2n+m
R
a2 (1.31)
where R is the greatest common divisor of (2m+n) and (2n+m). So the magnitude
of the translational vector is:
|T| = a
√
3
R
√
n2 + nm+m2 =
√
3|Ch|
R
(1.32)
and as it is seen, the maximum length of T is
√
3|Ch|, which depends on the symmetry
of the carbon nanotubes and m and n values.
In the real space the unit cell of a carbon nanotube is created by two chiral vector
and translational vector such that it forms a cylinder with length of |T| and diameter
of d = |Ch|
π
. Knowing the area of the carbon nanotube’s unit cell, |Ch×T| and using
equation 1.5 we can calculate the number of carbon atoms in the nanotubes unit cell.
N =
|Ch ×T|
|a1 × a2|
and nc = 2N (1.33)
where N is the number of graphene unit cells in the carbon nanotube unit cell. As
there are two carbon atoms in the graphene unit cell, there would be nc = 2N carbon
atoms in the unit cell of the carbon nanotube.
The Reciprocal Lattice and Brillouin Zone of Carbon Nanotubes
Since carbon nanotubes can be considered as a rolled sheet of graphene, this fact can
help us understand the properties and band structure of canbon nanotubes. Using the
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dispersion relation of graphene that was derived in section 1.2.1 and utilizing a method
known as zone folding we can find the dispersion relation for carbon nanotubes.
Rolling a sheet of graphene into a cylinder will add extra boundry conditions and
these periodic boundary conditions in the circumference of the nanotube will results
in the quantization of the graphene band structure. Considering the directionality of
carbon nanotubes the k vector can be decomposed to two component such as:
k = K|| + K⊥ = k||
|K|||
K||
+ k⊥
|K⊥|
K⊥
(1.34)
where K|| is the k component which is parallel to the tube axis which makes it aligned
with T, and K⊥ is the k component which is perpendicular to the tube axis which
makes it aligned with Ch. This results in:
K|| ·Ch = 0 K|| ·T = 2π (1.35a)
K⊥ ·Ch = 2π K⊥ ·T = 0 (1.35b)
Knowing K|| ·K⊥ = 0 and Ch ·T = 0 and using above equations we obtain:
K|| =
1
N
(mb1 + b2) (1.36a)
K⊥ =
1
N
(−t2b1 + t1b2) (1.36b)
Since the dimensions of direct lattice are inversely proportional to the dimentions of
the reciprocal lattice and K|| and Ch describe the Brillouin zone of carbon nanotubes
we can write
|K||| =
2π
|T|
and |K⊥| =
2π
|Ch|
(1.37)
Now we need to determine the allowed wavenectors within the Brillouin zone a
carbon nanotube. A carbon nanotube with length of LCNT = NucT is considered.
Where Nuc is the number of unit cell of CNT. The boundary conditions for the Bloch’s
wave function along the axis of CNT and along the circumference of CNT must be
satisfied. Here I use Ch = |Ch| and T = |T|
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So, along the axis we have:
ψ(0) = ψ(LCNT ) = e
ik||NucTψ(0) (1.38)
Which results in eik||NucT = 1 and we obtain:
k|| =
2π
NucT
l =
2π
LCNT
l, and l = 0, 1, 2, · · · , Nuc − 1 (1.39)
Along the circumferance of the CNT we have:
ψ(0) = ψ(Ch) = e
ik⊥Chψ(0) (1.40)
Which results in eik⊥ChT = 1 and we obtain:
k⊥ =
2π
Ch
p =
2
d
p, and p = 0, 1, 2, · · · , pmax (1.41)
The separation for k|| values are very small because the length of CNTs are considered
very long. Therefore,the gap separation of k|| values are much smaller than the gap
separation of k⊥ values. Hence, the k⊥ values are quantized. The allowed wavevectors
of a CNT are group of lines along the K⊥ where the gap between them is proportional
2π
Ch
. Each of these integer values are one dimensional cuts of graphene reciprocal
lattice. Example of these one dimensional cuts are shown in Figure 1.7 . As shown
in this figure depends on whether these one dimensional cuts pass through the Dirac
points or not results in a metallic or semiconducting CNT.
14
Figure 1.7: The first Brillouin zone of a graphene in reciprocal lattice where the
vertical lines shows the electronic properties of the CNTs. (a) Armchair (10,10) CNT
is metallic. (b) A zigzag (12, 0) is a small bad gap CNT. (c) A (14, 0) zigzag CNT is
semiconducting. and (d) A (7, 16) CNT is semiconducting. Reprinted by permission
from reference [15]
1.3 Other 2D Layered Materials, Beyond Graphene
After the discovery of graphene the research in the field of 2D materials is now moving
beyond graphene [2, 16–18]. This discovery opened a wide research field for a family
of 2D layered materials that potentially are the building blocks of future nanoelec-
tronic architectures. Graphene is a zero-bandgap material that means apart from
the amazing properties that it possesses, it is not the best material for all electronic
applications because it doesn’t turn off. Researchers have tried different methods
to open a band gap in graphene and convert it to a semiconductor. Some of these
methods include doping or bonding it with hydrogen, boron, or oxygen atoms, cut-
ting it into nanoribbons, and strain-induce [19–23]. But these solutions create other
challenges, for example in the case of nanoribbons it is very difficult to control the
width of the nanoribbons, which is a critical parameter and directly relates to the
electronic properties and the band gap of the nanoribbons. And foreign atoms signif-
icantly affect the electronic properties of graphene. Fortunately, there is a family of
2D layered materials with all different electronic properties and fabricating a nanos-
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tructures consisting of heterostructures of 1D and 2D materials is very interesting
for electronic applications. Furthermore, it has been reported that the alignment
and orientation of the two sp2 structure or 2D materials would enhance the trans-
port properties [24–27]. Hence, we believe that the devices present in chapter 6 hold
promise to show interesting properties for a nanoscale heterostructure architecture.
1.3.1 Hexagonal Boron Nitride (hBN)
Hexagonal boron nitride which is known as graphene’s sister material or white graphene
[2,28] is another 2D layered material with honeycomb structure where less than 2 per-
cent lattice mismatch between these two honeycomb structure of graphene and hBN
has been reported [29]. The thickness of single layer hBN is also 0.33 nm which is
similar to graphene. Both direct and indirect band gap have been reported for this
material. [30, 31]
Hexagonal boron nitride is an insulator with a band gap of ∼ 5.9 ev. Both direct
and indirect band gap has been reported for this material [30, 31]. The honeycomb
structure of this material is similar to graphene and the difference is that the carbon
atoms are substituted by boron and nitrogen atoms alternatively (see Figure 1.8).
There is a covalent sp2 and σ bond between boron and nitrogen and like all layered
materials there is van der Waals interaction between the layers. Unlike graphene
where the stacking is ABA or ABC the stacking in hBN is AA’, which means in the
bilayer form of hBN the Nitrogen atoms are above the Boron atoms.
1.3.2 Transition Metal Dichalcogenides (TMDCs).
Another group of 2D materials is known as transition metal dichalcogenides (TMDCs).
These materials with general chemical formula of MX2 consist of a sheet of transition
metal elements (M), like molybdenum, tungsten, niobium, etc, which is sandwiched
between two layers of chalcogens (X), such as sulfur, selenium, or tellurium. Fig-
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Figure 1.8: Schematic of three layers of hexagonal boron nitride hBN.
ure 1.9 shows the possible combinations of transition metal dichalcogenides. They
have some similarities to graphene such as they are still very thin (not as thin as
graphene), transparent and flexible; but unlike graphene which is zero gap mate-
rial they are mostly semiconductors, and some are superconductors. The fact that
they have a band gap makes them potential candidates to be used in nanoelectronic
components.
1.4 Electronic Transport
In chapter 6 our goal is to fabricate a field effect transistor (FET) consisting of these
1D and 2D materials. In general FET’s consist of a channel and three main terminals
known as source, drain and gate. The bias voltage is applied between source and drain
and the gate voltage control the carriers (electron or hole) densities in the channel.
Figure 1.10 shows a cross section of a FET where the channel is either a 1D or 2D
materials such as carbon nanotubes and graphene. As seen in figure 1.10, the source
and drain are in contact with the channel, while the gate electrode which is separated
from the channel by an insulating material can be located on top or the bottom of
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Figure 1.9: Possible combinations of the transition metal dichalcogenides (TMDs)
which depends on the combination of the transition metals and the chalcogen atoms
a range of properties is observed. Adapted by permission from reference [32]
the channel.
In chapter 6 we present results where we show that we can form a nanogap on
few layer graphene. In such a system graphene can be cut by catalyst particles such
as Ni or Fe into two electrically isolated regions used as source and drain electrodes.
The channel that is formed over these nanogaps is either a multi wall semiconducting
carbon nanotube that grows over the graphene nanogap during the CVD process or
is a 2D material which is transfered over these nanogaps. The method is explained
in chapter 6.
The structure of the devices we have fabricated with 1D and 2D materials in
chapter 6 makes us to think the transport properties of these devices are most likely
in the ballistic regime. Moreover, the ballistic transport has been reported for CNTs
and graphene [33,34]. Understanding these transport properties would be important
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Figure 1.10: Schematic of field effect transistors (FET). (a) Top gate FET and (b)
Back gate FET
in order to understand the transport properties of devices in chapter 6. Here we
briefly review the theory of two type of transport in nanoscale devices – diffusive and
ballistic transport.
1.4.1 Diffusive vs. Ballistic Transport
In general, the distance that charges can travel in the material before they scatter is
called the mean free path. When the length of the channel is much longer than the
mean free path we are in the diffusive regime and when the length of the channel is
approaching the mean free path we are in the ballistic regime.
In a standard device like FETs the flow of charge carriers in the channel can
be disrupted due to the scattering effect which might happen due to many differ-
ent sources. These sources of scattering comprise, but are not limited to, defects in
the lattice, impurities, electron–electron repulsion, or the electron-phonon interac-
tion. Using “Matthiessen’s Rule” and assuming that different types of scattering are
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independent we can combine all of the sources of scattering
1
lmfp
=
1
ld
+
1
li
+
1
le−e
+
1
le−p
+ · · · =
∑
i
1
li
(1.42)
where lmfp is the mean free path and ld, li, le−e, le−p are the scattering lenghts due
to defects, impurities, electron–electron repulsion, and electron–phonon repulsion,
respectively. It is clear now that due to all of these scattering processes the overall
mean free path is reduced which consequently results in increasing the resistivity of
the channel. [35]
In the near future, technology where the length of the channels in transistors are
tens of nanometers and using 2D materials such as graphene and carbon nanotubes
with high electron mobility makes it possible to approach the ballistic regime. [34,
36–38] Ballistic transport in such devices can be explained by using the Landauer-
Buttiker formula [35] which can be written as
I =
2e
h
∫ +∞
−∞
{µs(E)− µd(E)}M(E)dE (1.43)
Where I is the current in the channel, e is the elementary charge, h is the Planck
constant, M(E) number of quantum conduction channels in the device, and µs(E) and
µd(E) represent the Fermi distribution function in the source and drain, respectively.
Equation 1.43 can be simplified to
I =
2e
h
{µs(E)− µd(E)}M(E) =
2e
h
M(E)∆µ =
2e2
h
M(E)∆V (1.44)
Conductance is
G =
∂I
∂V
=
2e2
h
M(E) (1.45)
where G0 =
2e2
h
is the quantum conductance.
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Chapter 2 Experimental Methods
2.1 Scanning Electron Microscopy (SEM)
In this research we use a scanning electron microscope (SEM) for device fabrication,
imaging, and sample characterization.
According to Ernst Abbé Law, the resolution (which is the shortest distance between
two points that can be distinguished by a camera or observer) in the optical systems
depends on the light’s wavelength and the numerical aperture and is expressed by
d =
λ
2(NA)
=
λ
2n sin(θ)
(2.1)
where d is a distinguishable distance, λ is the wavelength of light which is traveling
in a medium with refraction index of n, NA is the numerical value of the lens, and θ
is the half of the maximum angle of the cone of light that can enter or exit the optical
system.
The wavelength of the source is a determining parameter in order to resolve an
object. The shorter wavelength, the greater the capability to resolve the object.
This principle can be aslo applied to electrons. As Louis de Broglie proposed the
wavelength of the particles is given by λ = h
p
= h
mv
. This equation tells us that the
smaller wavelength of the electrons (due to the high speed), the better the resolution
of the SEM. In SEM the resolution is around 1 nm which significantly exceeds the
resolution of light microscopes which is in order of the visible light’s wavelength (∼ 0.5
µm). In general, the electron microscopes are similar to optical microscopes whereas
the photons are substituted by electrons, and the optical lenses are substituted by
electromagnetic lenses.
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Figure 2.1: Structure of scanning electron microscope.
2.1.1 Structure of SEM
Figure 2.1 shows the construction of the SEM instrument. The entire system inside
the column are kept under vaccum. In order to produce the electron beam on the
sample to scan the sample, the electron optical system consists of components such
as electron gun, condenser lenses, objective lenses, and deflection or scanning coils.
The electron gun produces the electron beam, typically through either thermionic
emission, field emission or Schottky type emission.
In the Raith e-Line system that is used for this research a Schottky type emitter
is utilized. This type of emitter is a field-assisted thermionic emitter. In this type of
emitter the electrons are emitted from a tungsten filament or cathode. By heating
the filament at high temperature and using positive extracting voltage (10 to 30 kV)
the thermoelectrons that form the electron beam are gathered into a metal plate or
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anode. By creating a hole in the anode the electrons flow through this hole and finally
reach the sample’s surface.
2.1.2 Electron Beam Specimen Interaction
Upon interaction of the electron beam with the sample the electrons are scattered
within the sample and finally lose their energy, which results in their absorbance in
the sample. The scattering range of the electron depends on the primary electron
(electron beam) energy, the atomic number of the elements that the sample is made
of, and the density of the atoms in the sample. Higher electron energies will result
in a higher scattering range. On the other hand, higher atomic numbers or a higher
density of atoms results in a lower scattering range.
As shown in the schematic in Figure 2.2(a) the interaction of the electron beam
and the sample which occurs in the characteristic volume the variety of signals are
detected and will be discussed in further detail throughout this section. Figure 2.2(c)
shows the variety depth in the characteristic volume where the electrons can scape the
specimen and get detected by detectors. The expression for a depth of an electron,
which is a distance between where an electron enters and its final resting place is
given by the Kanaya & Okayama equation [39]:
r(µm) =
2.76× 10−2AE1.670
ρZ0.89
cos θ (2.2)
where ρ is the density of the materials ( g
cm3
), Z is the atomic number, A is atomic
mass ( g
mol
), E0 is the accelerating voltage, and θ is the angle of incidence measured
from normal. Table 2.1 shows the Kanaya-Okayama range for different materials at
different accelerating voltages.
The detected signal due to the electron beam and sample interactions at different
depths could be Auger electrons, secondary electrons (SEs), backscattered electrons
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Table 2.1: Kanaya-Okayama range.
5 keV(nm) 10 keV(nm) 20 keV(nm) 30 keV(nm)
C 450 nm 1.4 µm 4.5 µm 8.9 µm
Al 413 nm 1.3 µm 4.2 µm 8.2 µm
Fe 159 nm 505 nm 1.6 µm 3.2 µm
Ag 135 nm 431 nm 1.4 µm 2.7 µm
Au 85 nm 270 nm 860 nm 1.7 µm
Adapted from reference [39]
(BSEs), and X-rays (Figure 2.2). Even though the SEs are created near the surface,
their number is proportional to backscattered electrons as well, which have informa-
tion about deeper regions of the specimen. [39]
The secondary electrons are produced upon the inelastic interaction of primary
electron (or backscattered electrons) and the electrons in the sample that results in
the ejection of electrons of the sample to vacuum. So, the hole which is created as a
result of this interaction is filled up by the electrons with higher energy in the outer
shells. The energy which is released when the electrons go from outer shells to inner
shells lead to the emission of characteristic X-rays or Auger electron. Since the SEs
are generated from the near surface regions of the sample, imaging the sample by
detecting the SEs provide information about the surface topography and morphology
of the specimen. The energy of SEs are low and usually less than 50 eV (Figure
2.2(b)). When imaging the sample by secondary electron detector, the contrast is
dominated by the edge effect (see Figure 2.2(c)). When the electron beam is close
to the edges, a larger portion of the characteristic volume is close to the surface and
subsequently more secondary electrons can leave the sample at the edges or sharp
regions compared to the flat regions.
The backscattered electrons are produced as a result of the elastic interaction
of the electron beam and the nucleus of specimen atoms. This elastic interaction
results in a change in direction of the primary electron without a significant change
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Figure 2.2: Schematic of the electron beam and sample interaction in a SEM. (a)
Shows different signal types and their relative depths at which they can escape the
sample. (b) Distribution energy of electrons emitted form the sample. (c) Illustration
of the edge effect for secondary electrons.
in their energy (less than 1eV). The specimens with higher atomic numbers have
higher backscattered electrons compared to those with lower atomic numbers, so
the area of the specimen consisting of heavy electrons appears brighter. In contrast
to SEs, the BSEs have higher energy and its usually greater than 50 eV (Figure
2.2(b)). Since BSEs are created from deeper regions in the specimen they provide
more information about the relatively deep region of specimen which is useful in
observing the composition difference in the specimen.
The X-rays, as explained briefly above, are produced when an electron vacancy
in lower shells like K-shell is filled up by electron in outer shells like L-shells. The
energy that is released by this electron is emitted in the form of X-ray with the energy
of EL−EK . X-rays are considered the fingerprint of the materials and detecting the
X-ray is very useful for elemental analysis and identify the unknown composition or
unknown elements in the specimen.
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The Auger electrons are produced by the energy that is released due to moving
an electron going from the outer shells to a lower shell is enough to excite and eject
another electron. This final electron is called Auger electron. Similar to SEs the
Auger electrons are also produced at the surface or near the surface of the sample.
2.2 Electron Beam Lithography
In this research electron beam lithography (EBL) is utilized for nanoscale device fab-
rication. Different polymers, known as resist can be used during the EBL procedure.
The resists are either positive or negative. The positive (negative) resists are more
(less) soluble in solvents after they are exposed to the electron beam. In case of the
positive resist which was used in this work they are washed away easily during the
development procedure. The solvents are known as developers in lithography pro-
cedures. Polymer resists used for electron beam lithography in this work includes
PMMA and co-polymer. Poly (methyl methacrylate) (PMMA) of molecular weight
950,000 is a polymer is dissolved in Anisole to make 2% (4%) solution which is called
PMMA-A2 (PMMA-A4). Co-polymer is a mixture of methyl methacrylate and ∼
8.5% methacrylic acid (MMA (8.5) MAA) dissolved in ethyl lactate to make ∼7%
solution.
In this work we have used a double layer polymer (co-polymer/PMM-A2) to make
the liftoff procedure easier. The co-polymer and PMMA-A2 are spin coated onto the
chip at 4000 rpm for 45 seconds and then baked on a hotplate for 90 seconds. The
bake temperature for co-polymer and PMMA-A2 is 150 ◦C and at 180 ◦C respectively.
This results in double polymer layers of co-polymer/PMMA-A2 with thickness of ∼
150 nm/∼ 50 nm.
During sample preparation, the bottom right corner of the sample is scratched
with a diamond scribe as a reference point during all of the SEM, AFM, lithography
, etc. In order to create the first alignment marks the sample is loaded into the SEM,
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the pattern is written and then followed by development and finally Ti/Au (5 nm/35
nm) deposition. The alignment marks (that has been pre-designed earlier) consist of
plus shaped structure which are labeled in a grid structure to cover the silicon chip.
Later on the corner pluses structures are used in order to align the stage and find
coordinate transformation between the silicon chip (with xyz-coordinates) and the
electronic GDSII (with uvw-coordinates).
Using the alignment mark on the silicon chip and optical microscope we locate sev-
eral graphene nanogap flakes relative to the grid structure. These graphene nanogaps
have already been fabricated by etching graphene followed by the layer transfer
method for heterostructure assembly.
The silicon chip is then loaded back into the SEM for taking so-called registration
images [40]. In this step the alignment marks at the corner of silicon chip are used to
align the stage of the SEM (xyz) to the electronic GDSII coordinates (uvw). Then
the same graphene nanogaps that were found by the optical microscope are found in
the SEM. Registration images of nearby flakes of the samples are taken and saved
which consist of the coordinates that correspond to the alignment marks designed
in the GDSII file. Using software like Photoshop these images are lined up with
optical images of the sample to make a “sample map”. These sample maps images
are finally used to design and write close-alignment mark patterns in the region of
100 µm where the sample is approximately at the center of this region. Figure 2.3
shows one of these images. The red box in Figure 2.3 is a 100 µm region where the
sample is approximately at the center of the box. The close alignment marks are
designed at the corners of this red box.
This sample map image will be used to make close-alignment marks around the
sample that are used later on to align the write field on the sample region without
moving the stage.
The lithography procedures are then repeated to write fine leads (we call them
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Figure 2.3: Sample map image which are used to write close-alignment mark in the
region of 100 µm where the sample is approximately at the center of this region.
lead 1), which contact the sample and larger leads (we call them lead 2) which extend
leads 1 to the contact pads where the probes land during transport measurement.
Every writing step is followed by a development and deposition processes. In
this step the exposed polymers by electron beam are removed by immersing the chip
in solution of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) mixed with
a ratio of (MIBK: IPA, 1: 3) at room temperature for 50 seconds. The processed fol-
lowed by immersing the chip into IPA and DI water for 50 seconds, respectively. The
deposition is performed using a four pocket source electron beam evaporator which
is utilized to deposit multi-layer without braking the vacuum. Anytime the polymer
is developed, the sample is immediately loaded into the electron beam evaporator
chamber to make sure the development process is not continued by the remaining
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solvents on the sample. Double layer Ti/Au with thickness of 5 nm/ 35 nm is de-
posited to form the alignment mark, fine leads, and large leads. The 5 nm Ti is used
as a adhesion layer because gold doesn’t adhere to SiO2 very well.
After metal deposition liftoff is performed by immersing the chip into the ∼ 75 ◦C
N-methyl pyrrolidone (NMP) for approximately 15 minutes. After few minutes the
metal film over the co-polymer/PMMA-A2 will be wrinkled which means it has been
adhered to the chip very softly. Now, by gently squirting the NMP onto the substrate
we make sure all of unwanted metals are peeled off. The chip is then immersed into
hot (∼ 75 ◦C) Acetone, IPA, and DI water respectively for a few minutes in each to
make sure all the residues from the resists are removed.
The schematic illustration of nanoscale device fabrication on a heterostructure
consisting a nanogap on graphite flake is shown in Figure 2.4.
The final step after depositing all the leads on the sample is using reactive ion
etcher (RIE) to remove unwanted parts of the sample and make the desired channel.
To do this an etch mask is created by performing another electron beam lithography
process. In this final lithography process the regions which are desired to be removed
are exposed by electron beam. After the development the desired channel is covered
and protected by the resist. We used PMMA-A4 as a resist and etch mask for this
step. Immediately after the development process the silicon chip will be loaded into
the RIE chamber. The graphene and MoS2 flakes etched with the mixture of cl2/O2
plasma and followed by another etching process with mixture of Ar/O2 plasma. We
found that the cl2/O2 plasma worked very well to remove the heterostructure region
consist of MoS2/graphene, and Ar/O2 plasma finally used to remove the remaining
graphene. The etch time and the power of the plasma is calibrated prior to etching
of graphene nanogap heterostructure devices. We used Trion ICP Phantom Minilock
III etcher.
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Figure 2.4: Illustration of step by step device fabrication through electron beam
lithography.
2.3 Atomic Force Microscopy (AFM)
The invention of the Scanning Tunneling Microscope in 1982 [41] has allowed scientist
to study materials at the atomic scale. The technique is limited to be performed only
on conductive and semiconductor materials. So, in 1986 atomic force microscopy
(AFM) has been invented allowed researchers to study the non conductive materials
as well. [42] Varieties of measurements can be performed by AFM in order to have
an understanding about topography, friction, work function, charge, electrostatic and
magnetic properties of the sample as well as performing specific types of lithography.
In this work the Asylum Research MFP-3D is used in contact and non contact
mode for observing the topography, measuring friction or force, and for electrostatic
force microscopy (EFM).
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Figure 2.5: Schematic illustration of atomic force microscopy (AFM), shows laser,
cantaliver and PSD.
The output of atomic force microscopy is an image that contains information about
the sample. The surface of a sample is scanned with a cantilever with a specific force
constant k equipped with a sharp tip. The surface of the sample interacts with the tip
which results in the the cantilever bending. As illustrated in Figure 2.5 the deflection
of the cantilever is registered with a laser beam and a high precision photosensitive
detector (PSD). A laser light is reflected off the back of a cantilever into a four quarter
PSD such that any small changes in the cantilever angle causes large changes in the
position of the laser in the PSD.
2.3.1 Modes of Operation
The operation of an AFM and the interaction of AFM probe with the sample can be
understood with the help of Lennard-Jones potential which is described by equation
2.3, which is an approximation of the van der Waals interaction between two atoms.
Here the interaction of the AFM probe with the sample can be modeled using the
Lennard-Jones potential
ULJ = ε
[(rm
r
)12
−
(rm
r
)6]
(2.3)
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Figure 2.6: Illustration of Lennard-Jones potential.
where ε is the depth of the potential well, r is the separation distance between tip and
sample surface, and rm is the tip-sample separation distance at which the potential
is minimum. In case of small (large) distances between the tip and sample, the
dominant force between the tip and sample is due to repulsive (attractive) force
which is described by the first (second) term in equation 2.3.
Figure 2.6 shows the Lennard-Jones potential as a function of distance between
tip and sample.
In this work the Asylum MFP-3D mainly used in contact mode or in tapping
mode which are explained here.
Contact Mode
In this research contact mode occasionally used to determine the topography of sam-
ples, but mainly used for nanomanipulation or flexing samples. As it is seen in chapter
4 and 5 this mode of operation has been used to push the carbon nanotubes on their
underlying substrates, graphene or hBN. In contact mode the AFM tip remains in
contact with the sample. In this mode of operation by maintaining the feedback on
the vertical deflection of the cantilever there would be relatively constant force on
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the tip. By considering the cantilever as a spring we can determine the force that is
applied to the tip. If ∆z is the vertical displacement of the cantilever then according
to Hook’s law the force is equal to
F = k∆z (2.4)
where k is the spring constant of the cantilever and ∆z is the displacement of can-
tilever in nanometer. But in order to calculate the applied force between the tip and
the sample we need to calibrate the AFM probe. The calibration process capable
us to find a relation between the vertical deflection of the cantilever and the force
between tip and sample. To achieve this we need to determine the spring constant of
the cantilever and the inverse of optical lever sensitivity (InvOLS). Practically, the
InvOLS with units of ( nm
volt
) is the proportionality constant that is used to determine
the vertical displacement of the cantilever (in nm) from the deflection signal that is
measured by PSD (in volt), and can be written as:
∆z = (InvOLS)(Vdef ) (2.5)
where Vdef is the signal measured by the PSD in volt. If we substitute 2.5 into 2.4
we have:
F = k(InvOLS)(Vdef ) (2.6)
Now InvOLS is determined by taking a single force. During this step the cantilever
is lowered toward the sample and then pulled up. When the distance between the tip
and the sample is very small the probe will snap to the surface due to an attractive
force which results in sudden decrease in the deflection signal in PSD. Then by low-
ering the cantilever further the deflection signal increases. After reaching the target
deflection which is an extra deflection compare to the deflection in air, the cantilever
is pulled back up. By fitting a line into the left part of this graph the InvOLS is
calculated.
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In the Asylum MFP-3D the spring constant in determined by thermal method.
During this process that is called thermal tune, the cantilever osculation amplitudes
due to thermal fluctuations is plotted vs. the driving frequency. Then by fitting
a Gaussian to the resonant peak the values for the quality factor Q, resonant fre-
quency fk, and amplitude z(fk) is recorded and the spring constant of the cantilever
is calculated by [43]
k =
2
π
kBTQ
z2(fk)
∆f
fk
(2.7)
where kB is Boltzman constant, T is temperature, fk is the resonance frequency,
z(fk) is amplitude, and z
2(fk) is square of the amplitude.
Tapping Mode
In the tapping mode (or AC mode) the cantilever is oscillating very close to sample
at or very close to it’s angular resonance frequency, w0 =
√
k
m
, where k and m are
the force constant and mass of the cantilever, respectively. In this mode of operation
the cantilever oscillates with a fixed amplitude and the feedback loop monitors the
changes in the amplitude. Depends on the amplitude of the cantilever the tip-sample
interaction is in attractive regime (for small amplitudes) or in repulsive regime (for
large amplitudes).
In order to take a topography image in attractive (repulsive) mode the cantilever is
driven above (below) it’s resonance frequency with small (large) amplitude. Further-
more, the phase difference between the driving force and the AFM probe amplitude is
constantly measured, which can determine if we are in attractive or repulsive mode.
To understand this we can model a cantilever and tip as a mass on a spring which
is driven by oscillatory force Fd = F0e
−iwt where F0 and w are the amplitude and
angular frequency of oscillatory force, respectively. If we consider Fk = −kz as force
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on spring, Fts as tip-sample force, and Fβ = −βż as a damping force, where β = mw0Q
and Q is the quality factor of cantilever. Then according to Newton second law
mz̈ = Fts − kz − βż + F0e−iwt (2.8)
where w0 =
√
k
m
is the angular resonance frequency of the cantilever. When there is
no tip-sample interaction then Fts = 0. So, if we try the Ansatz z = Ae
−iwt we have
A(w) =
F0
m
(w02 − w2)− iww0Q
(2.9)
So the magnitude of the amplitude of A(w) is |A(w)| =
√
AA∗
|A(w)| =
F0
m
(w02 − w2)2 +
(
ww0
Q
)2 (2.10)
The phase difference between the driving oscillatory force and the cantilever motion
is φ and can be determined by
φ = arctan
( ww0
Q
w02 − w2
)
(2.11)
So, obviously the amplitude A(w) will be maximum when we have a resonance con-
dition which indicates w = w0 and φ = 0 that results in
A(w = w0) =
QF0
k
(2.12)
When the tip-sample interaction is not zero, Fts 6= 0, the interaction potential between
tip and sample can be proportional to z2 and Fts is proportional to z [44]. In this
case the spring constant and resonance angular frequency are modified and we have
ke = k −
(
dFts
dz
)
(2.13)
w′ =
√
ke
m
=
√
k − dFts
dz
m
(2.14)
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Figure 2.7: Schematic illustration of amplitude vs. frequency shift related to inter-
acting force. Attractive and repulsive forces result in the shift in angular frequency
of the cantilever.
where the ke and w
′ are the effective spring constant and effective resonance fre-
quency. The shift in angular frequency determines weather the tip-sample interaction
is attractive or repulsive. [44]. The schematic illustration in Figure 2.7 demonstrate
the dependence of amplitude to the angular frequency and corresponding tip-sample
interaction.
In the MFP-3D Asylum in our lab we perform the following setting to make sure
we are not jumping between the modes during imaging. For attractive (repulsive)
mode the cantilever is tuned to a frequency above (below) the resonance frequency.
Furthermore, we set the target amplitude to be ∼ +10% (∼ -5%) of the amplitude at
resonance frequency where the tuning amplitude is 200 mV (1 V ) for the attractive
(repulsive) mode.
Copyright c© Mohsen Nasseri, 2018.
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Chapter 3 Tuning Between Crystallographically Aligned Carbon
Nanotube Growth and Graphene Etching
3.1 Introduction
Carbon nanotubes (CNTs) and graphene have each individually attracted great at-
tention in recent years due to their exceptional properties, such as high carrier mobil-
ity, high thermal conductivity, and tremendous strength [45, 46]. Carbon nanotubes
and graphene have long been known to share the same sp2 carbon crystal backbone,
with CNTs being the continuous rolled-up version of graphene [45]. Despite this un-
derlying crystallographic connection between these two materials, composite hybrid
systems that combine these two remarkable forms of carbon are just beginning to
emerge [46–58]. Two such variants of these hybrid sp2 carbon systems containing
CNTs and graphene are seamless covalently bound composites [48–51, 59–62] and
van der Waals (vdW) bound composites [24, 47, 55, 63, 64]. In the latter vdW class
of hybrids, the relative lattice orientation of the constituent CNTs and graphene is
particularly important [64–66]. Lattice matching of sp2 carbon allotropes is expected
to drastically improve their electrical coupling [24, 63, 66, 67], a prospect that could
have important use in future electronic applications.
As a step towards achieving lattice-matched sp2 carbon interfaces, it has recently
been shown that crystallographically aligned CNTs can be directly grown on few-
layer graphene (FLG) [47]. In that initial work, the carbon source for the CNTs
appeared to be due, in large part, to the carbon liberated through the simultaneous
catalytic hydrogenation. Catalytic hydrogenation has long been known to occur in
bulk graphite along specific crystallographic directions [68] and has received renewed
attention after the preferred crystal orientations of the etching were recently shown
to persist for few-layer graphene films on amorphous insulating substrates [69]. While
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this crystallographic etching could potentially be used as a possible means for cutting
out electronic components (such as nanoribbons) from graphene [45], many poten-
tial applications of CNT–graphene hybrid systems, such as supercapacitor or battery
electrodes [60,70–72], would not benefit from the presence of these etch tracks. Thus,
it is highly desirable to synthesize crystallographically aligned CNTs without simul-
taneously etching. In comparison to other few-layer graphene films, mechanically
exfoliated few-layer graphene is the only one which has so far successfully supported
crystallographically oriented CNT growth or track etching [47, 55, 69, 73, 74]. This
observation suggests that the quality of the few-layer graphene is critical for obtain-
ing crystallographic alignment of CNTs or etch tracks. While few-layer graphene
films synthesized via other methods (e.g., from chemical vapor deposition (CVD))
do not currently produce crystallographically-aligned CNT growth, the deleterious
etching of the FLG during non-crystallographic CNT growth is also an issue for these
films [60]. Though there has been recent success in inhibiting the etching in non-
exfoliated graphene films through the use of a feedstock with a higher C/H ratio than
that of methane (CH4) [51], the significant differences in these films compared to me-
chanically exfoliated ones make it necessary to also obtain a method that eliminates
etching during crystallographically-aligned CNT growth. This goal is particularly rel-
evant to applications since the highest quality graphene is generally desired in hybrid
CNT–graphene structures.
To achieve this goal, one might be tempted grow CNTs on graphene by simply
supplying feedstock at rates within the range typically used for CNT synthesis over
dielectric substrates [75–77]. However, Hunley et al. showed that a feedstock flow of
methane within a typical window would grow CNTs only on the nearby exposed SiO2
substrate, and not on the few-layer graphene [47]. Such inhibition of CNT growth on
graphene through the application of feedstock has also been shown to exist on CVD
grown FLGs as well [60].
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Here we demonstrate a method to grow crystallographically aligned CNTs on FLG
while inhibiting the catalytic etching of high-quality FLG. We find that there is a
window of low concentration carbon feedstock which both inhibits catalytic etching
at 700 ◦C and above, and supplies carbon to the CNTs growing in crystallographic
alignment with the underlying FLG. We identify two types of catalysts – (1) those
on the FLG surfaces which produce CNTs and (2) those at the FLG edges which
catalytically etch – and show that these two types of catalyst particles behave very
differently under applied feedstock, allowing for the preferential CNT growth while
inhibiting catalytic etching.
3.2 Experimental Methods
Samples were prepared on p+-doped silicon substrates having a 300 nm thermal oxide
layer. The substrates were ultrasonicated in acetone, isopropyl alcohol, and deionized
water for 5 min each using a Branson 2510 Bransonic Ultrasonic Cleaner. The sub-
strates were then subjected to UV ozone (UVO) cleaning for 15 min in a NovaScan
PSD Series Digital UV Ozone System. Graphene was mechanically exfoliated from
kish graphite onto the Si/SiO2 substrates [1]. After exfoliation, a nominally 0.02
nm thick layer of Ni, which later forms the catalyst particles, was deposited through
electron-beam evaporation. Since small variations in the amount of catalyst material
can have a significant effect on CNT growth, the deposition of Ni on all samples in
our experiments was performed simultaneously. Samples were then placed in a CVD
tube furnace (Thermo Scientific Lindberg, model TF55035C) with an inner diameter
of 0.875 in. To facilitate the formation of nickel catalyst nanoparticles, the samples
were annealed at 500 ◦C for 30 min with gas flow rates of 850 sccm Ar and 150 sccm
H2. Immediately following this annealing step, a methane feedstock was supplied in
order to inhibit catalytic etching, and the furnace was heated to 950 ◦C for 60 min to
promote CNT growth. The effects of various amounts of the methane feedstock on
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crystallographic etch track formation and nanotube growth were studied. Gas flow
rates were controlled using MKS Mass-Flow 1179 controllers. All furnace tempera-
ture set points were reached by increasing the temperature at a rate of 50 ◦C/min.
Immediately following the high-temperature growth period, the samples were allowed
to passively cool to room temperature (approximately 3.5 h). In our previous work,
we confirmed that these structures are carbon nanotubes [47]. Scanning electron mi-
croscopy (SEM) images were taken with a Zeiss Supra 35 field-emission SEM with a
Gemini Column.
3.3 Result and Discussion
Figure 3.1(a) shows an SEM image of a few-layer graphene flake that was exfoliated
onto a SiO2 substrate and then had CNTs grown on it at a flow of 850 sccm Ar, 150
sccm H2 and 5 sccm CH4. The results at this low CH4 gas feedstock concentration
are very similar to ones previously obtained at zero CH4 flow [47]. CNTs are observed
to grow from the catalyst particles which are situated on top of the FLG flake while
the catalyst particles originating along the edge of the flake catalytically etch inwards
along tracks. Both the CNT growth and etching are observed to occur along specific
crystal orientations in relation to the FLG film. Figure 3.1(c) is a histogram of the
angular distribution of the CNTs and etch tracks obtained by tracing them with
customized digitizing software we have developed. The histogram shows clear peaks
for both the CNT and etch track orientations. The largest peaks in the histogram
of the etch tracks occur at 60◦ intervals. This 60◦ interval between peaks also occurs
for the CNTs, but the peaks are shifted 30◦ away from the etch track peaks. Since
etch tracks are well known to occur predominantly along the zigzag direction of
graphite, the 30◦ offset indicates that the CNTs grow preferentially along the armchair
directions of the FLG [47].
When the methane feedstock gas concentration is increased slightly to ∼ 20 sccm,
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Figure 3.1: (a) An SEM image of a few-layer graphene flake which had catalyst
particles deposited on it and was then processed under the low CH4 flow rate of 5
sccm. (b) Enlarged SEM image of dashed region in (a). The FLG flake shows evidence
of both catalytic etching (pointed to by the dashed arrow) and the catalytic growth
of CNTs (pointed to by the solid arrow) which are along different crystallographic
directions in the graphene. (c) Histograms of the length versus angle of the etch
tracks and CNTs in (a). The histograms show peaks at 60◦ intervals for both CNTs
and etch tracks, but with their relative angles offset by 30◦. Data used to calculate
the histograms were acquired from the region within the yellow outline in (a).
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we find that etch track formation is inhibited while CNT growth continues. Figure
3.2(a) shows an SEM image of an FLG flake that has been processed at 950 ◦C under
a flow of 850 sccm Ar, 150 sccm H2 and 80 sccm CH4. This image shows CNTs grown
on the FLG with significantly reduced amounts of catalytic etch tracks. Figure 3.2(b)
shows a magnified image of a portion of the flake used to determine that the CNTs
show preferred crystallographic alignment to the graphene. As in the low feedstock
case discussed above (Figure 3.1(b)), the CNTs formed at this higher concentration
show histogram peaks separated by 60◦ increments which is indicative of alignment
with the crystallographic axes of the underlying FLG.
These results suggest that the catalytic activity of the nanoparticles which etch is
affected to a different degree in comparison to the activity of those catalyst particles
from which CNTs grow. To quantify this assertion, we have systematically varied the
methane feedstock flow rate (keeping all other parameters fixed) for 22 SiO2 wafers
containing exfoliated FLG and evaporated Ni catalyst. After CVD treatment, we
examined the samples under SEM and investigated a large number of FLG flakes for
the presence of CNTs and etch tracks.
A summary of the results of this investigation are plotted in Figure 3.3, with the
detailed statistics presented in Table 3.1. Figure 3.3 shows that the percentage of
FLG flakes containing etch tracks drops significantly as the methane flow is increased.
In going from 5 to 20 sccm in methane flow the percentage of FLG flakes containing
etch tracks drops from 85% to under 10%. In contrast to the behavior of the etching,
within this same methane flow range the percentage of FLG flakes containing clearly
discernible CNTs (irrespective of crystallographic alignment) steadily increases. It is
not until the methane flow rate is increased beyond 80 sccm that the percentage of
FLG flakes containing CNTs begins to decrease. Thus, there is a window between
roughly 20 and 80 sccm of methane flow which both suppresses graphene etching and
promotes CNT growth.
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Figure 3.2: (a) An SEM image of an FLG flake having Ni catalyst deposited onto
it and processed with a flow of 80 sccm of CH4. There is minimal etching along the
edge of the flake compared to the sample in Figure 3.1. (b) Enlarged SEM image of
dashed region in (a) showing CNTs on its surface. (c) Enlarged, contrast-enhanced
SEM image of dashed region in (b) showing nanotube alignment details. Nickel
catalyst particles are also visible as bright dots on the ends of many nanotubes. (d)
Histogram of the CNTs in (b) showing clear preference for three crystallographic
directions.
One possible source of this behavior for CNT growth and graphene etching could
be catalytic inhibition due to excess carbon deposits on the catalyst particles − an
effect that is thought to generally inhibit CNT growth [78, 79]. As the feedstock
flow is increased, the excess carbon on the nanoparticles along the edges suppresses
their catalytic activity to form etch tracks. The same effect could also be expected
to occur for the catalyst particles situated on the surface which are the ones which
generally produce the CNTs. Since these particles on the surface are able to eliminate
some of this excess carbon through the growth of CNTs, it is thus plausible that
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Figure 3.3: Percentage of FLG flakes containing CNTs grown on their top surface
(red data points) and the percentage containing etch tracks (black data points).
the particles on the surface would require a greater amount of additional carbon
supplied by the feedstock (in comparison to the particles along the edges) before
their catalytic activity is inhibited. This should result in a feedstock flow rate window
where catalytic etching is suppressed but growth of CNTs still occurs, as is observed
in our experiments. Finally, while the length and diameter of the crystallographically
aligned CNTs on FLG were not investigated in this paper, it is possible that the
diameter can be controlled by the size of the catalyst particles and the length by the
growth duration prior to catalytic poisoning, as suggested by standard CVD nanotube
growth [80].
3.4 Conclusion
We have determined that metallic catalyst particles on graphene react differently to
the application of carbon feedstock. Those particles which are along the edges of
few-layer graphene flakes produce etch tracks and have their catalytic activity easily
inhibited by low flow rates of methane feedstock. In contrast, nanoparticles which are
located on top of few-layer graphene flakes catalytically produce nanotubes; a process
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Table 3.1: Total number of FLG flakes containing either CNTs on top or etch tracks
with the corresponding percentages tabulated.
CH4
(sccm)
Total
flakes
With
etch
tracks
With
CNTs
Percentage
with etch
tracks (%)
Percentage
with CNTs
(%)
0 17 17 9 100 53
5 34 29 21 85 62
20 37 3 31 8.0 84
60 30 0 28 0.0 93
80 85 3 78 3.5 92
100 23 0 5 0 22
which is less easily inhibited with the application of methane feedstock. This differ-
ence in catalytic activity between these different nanoparticles provides a window in
which the growth of CNTs on the surface dominates over etching from the edges. We
have also shown that this growth window can result in crystallographically-aligned
CNTs with suppressed etching. This result could have use in potential applications
that benefit from a high electrical transparency between nanotubes and graphene
without the possibly deleterious consequences of catalytic etching. Specifically, theo-
retical investigations between crystallographically-aligned sp2 carbon systems (in that
case metallic CNTs) indicate that their contact can have nearly a quantum of con-
ductance with an overlap length less than 10 nm [24], suggesting that the length of
CNT–FLG interfaces we observe could potentially have electrical coupling sufficient
for applications. Future transmission electron microscope investigations, which are
beyond the scope of the work presented here, should help provide insight into the
atomic-scale structural properties of the CNT–FLG interface that will determine the
electrical coupling.
Copyright c© Mohsen Nasseri, 2018.
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Chapter 4 Etch Track-Directed Growth of Carbon Nanotubes on
Graphite
4.1 Introduction
Controlling oriented growth, alignment, and self-assembly of hybrid systems is one
of the grand challenges of nanoscale science [9, 81], with it representing a potential
avenue to achieve extremely small precision instrumentation [82]. Towards this goal,
there have been a number of recent successes at achieving aligned growth of nanoscale
materials. This includes carbon nanotubes and MoS2 grown on atomically corrugated
single crystal surfaces to achieve their aligned growth [83–94]. Moreover, the align-
ment of atomically-thin materials [26, 95] has recently gained tremendous attention
as an avenue to controllably obtain interfaces [2] between members of this important
class of nanomaterials [96–99]. There has also been some recent success in achieving
such interfaces, which includes various interfacial growths [100] and alignments [101]
between these atomically-thin materials. One of these recent advances has been
the crystallographically-aligned interfaces of carbon nanotubes (CNTs) on few-layer
graphene surfaces (FLG) [47,55, 73]. This work on the CNT growth [47], along with
crystallographically-aligned serpentine interfaces [73] and selective nanosieving [55]
of CNTs with few-layer graphene strongly suggests that nanotubes tend to grow and
adhere to graphene surfaces when they have a preferred zig-zag wrapping and are ori-
ented along the armchair axis of the graphene lattice. In that previous work, it was
also observed that as the thickness exceeded 5 layers of graphene the oriented order
was greatly diminished [47] – possibly due to the increased rigidity of the few-layer
graphene film [102].
Here we show evidence for a different type of crystallographically ordered CNT
growth on graphitic surfaces – this one occurring on much thicker graphite films
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having etched surfaces. In contrast to the crystallographic growth on few-layer
graphene [47], the orientation on thicker graphite surfaces is along the same crys-
tal directions as that of catalytic etch tracks. This results in a clear 30◦shift of the
CNT orientation on graphite in comparison to few-layer graphene films that are typ-
ically 5 layers, or less, in thickness. As with the CNTs grown on few-layer graphene,
the aligned nanotubes grown on thicker graphite appear to be predominantly cou-
pled to the surface through van der Waals (vdW) interactions [103], as is suggested
by nanomanipulation experiments. The prevalence of aligned CNTs adjacent to etch
tracks on thick graphite surfaces suggests that enhanced vdW coupling and strain
effects at graphene step edges result in an adhesion between nanotubes and tracks.
Direct evidence of this adhesion of nanotubes to the tops of graphene step edges is
observed through nanomanipulation and lateral force experiments.
4.2 Experimental Details
Samples were prepared using a similar method as described in Ref. [47]. Heavily
p-doped silicon substrates with a 300 nm oxide layer were first cleaned using acetone,
IPA, and DI water, followed by a UV ozone treatment. Graphite flakes were then
mechanically exfoliated onto the substrates from Kish graphite. A nominally 0.02
nm thick layer of nickel (as measured by a crystal-thickness monitor) was deposited
onto the samples using an electron beam evaporator. To facilitate the formation of
nickel catalyst nanoparticles, the samples were annealed at 500 ◦C for 30 min with
gas flow rates of 850 sccm Ar and 150 sccm H2. Immediately following this annealing
step, the furnace was heated to a temperature within a 925–950 C window for 60
min to promote CNT growth. Gas flow rates were controlled using MKS Mass-Flow
1179 controllers. All furnace temperature set points were reached by increasing the
temperature at a rate of 50 ◦C/min. Samples were passively cooled to room temper-
ature (over approximately 3 h). Scanning electron microscopy (SEM) images were
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taken with a Zeiss Supra 35 fieldemission SEM with a Gemini column. Atomic force
microscopy (AFM) imaging and height measurements were performed in intermittent
(“tapping”) mode with an Asylum Research MFP-3D. Nanomanipulation of CNTs
was performed in contact mode using the Asylum Research MicroAngelo Lithography
package on the MFP-3D.
4.3 Nanotubes Aligned to Etch Tracks
As previously reported, the chemical vapor deposition (CVD) processing of graphite
samples results in two catalytic reactions. The first is catalytic etching of tracks via
the Ni nanoparticles [68,69]. The second is the catalytic growth of carbon nanotubes
on the graphite surface using the products of the etching along with any other carbon
in the local environment, including applied feedstock gas. Likely due to fluctuations in
the carbon content in the local environment, there are typically variations on the scale
of ∼ 100 microns in the amount of etching and nanotube growth that occur within
a single substrate wafer. In this work, we focus on regions consisting of a relatively
large amount of surface etching and a moderate amount of nanotube growth, such
that the interface of the CNTs and the graphite can be investigated.
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Figure 4.1: (a) Scanning electron microscope image of graphite flakes on SiO2. (b–c)
Magnified images of graphite flake circled by dashed red line in (a). (c) Image showing
details of the region in (b) enclosed by the dashed yellow rectangle. The enlarged
images show etch tracks (pointed to by the solid-red arrow) and nanotubes (pointed
to by the dashed-green arrow) on the graphite surface. A detailed image of the flake
circled by the solid blue line in (a), along with two other similar flakes, is shown in
detail in the appendix A.
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Figure 4.2: (a) Atomic force microscope (AFM) image of etching and nanotube
growth on a graphite surface. (b) An AFM topographic line-scan taken from (a)
along the dashed red line. (c) Histogram of diameters for a selection of nanotubes
grown on etched graphite surfaces.
Figure 4.1(a) shows an SEM image of one such area of a wafer containing two
encircled graphite flakes. Figure 4.1(b) is an enlarged image of the graphite flake
encircled with the dashed red line in Figure 4.1(a) (while a similar nearby flake
encircled with a solid blue line is shown in detail in the appendix A). This graphite
in Figure 4.1(b) shows two characteristics of the samples we focus on in this report.
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The first characteristic is that shallow etch tracks are formed on the surface of the
graphite, pointed to by the red solid arrow in Figure 4.1(c). These etch tracks are
similar to those originally observed on graphite surfaces [68], in that they do not
cut completely through the film, but are distinct from those in few-layer graphene
(FLG) [69] that do separate the film into electrically isolated segments.
The second observation in these films is the presence of CNTs (pointed to by
the green dashed arrow in Figure 4.1(c)) that share many similarities to those grown
on thinner FLG films. The first similarity is that the CNTs have roughly the same
diameter as those on thinner flakes (∼ 5 layers) [47]. This is demonstrated with the
AFM image of the sample in Figure 4.2(a), along with its corresponding line-scan
in Figure 4.2(b), which shows the local height increase of two CNTs. These local
topographic height increases are assumed to be the diameters of the grown nanotubes.
A similar AFM line-scan analysis of 58 different CNTs on etched graphite gives an
average diameter of 6.1 nm 1.7 nm. Figure 4.2(c) shows a histogram of the results
of all the line-scans used to calculate this average diameter.
Another similarity to nanotubes grown on FLG is that these CNTs on etched
graphite align themselves to preferred crystal orientations of the underlying lattice.
However, in contrast to the previous report of nanotubes grown on FLG, these CNTs
do not grow 30 offset from the etch track directions [104]. Instead, the CNTs and
the etch tracks appear to form in the exact same crystallographic directions of the
graphite lattice. This is clearly demonstrated by making a histogram of the length
of the CNTs and etch tracks as a function of angular orientation, as is done for the
sample in Figure 4.3(a). The histogram in Figure 4.3(b) demonstrates that the peaks
of both the etch tracks and the CNTs occur at the exact same angles.
Another distinguishing characteristic of these aligned CNTs is that they are found
to be considerably longer than those grown on FLG. The length of these aligned
CNTs is much closer to the typical length of previously reported etch tracks on
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Figure 4.3: (a) Scanning electron microscope image of a graphite flake with surface
etching and grown CNTs. (b) Histograms of the length versus angle of the etch tracks
and CNTs in (a). Both histograms (for the CNTs and etch tracks) show peaks at the
same angles separated by 60 ◦C intervals. (c) A histogram of the aligned CNTs and
etch tracks as a function of length taken within a four degree window of each of the
peaks in (b), showing evidence for longer nanotubes than those grown on few-layer
graphene.
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Figure 4.4: AFM image of a nanotube (pointed to by the dashed-green arrow) that
appears to have grown along a portion of an etch track (pointed to by the solid red
arrow).
graphitic films [68,69,105,106]. This extended length is evident from a histogram of
aligned CNTs and etch tracks shown in Figure 4.3(c). To construct this histogram
the only nanotubes and etch tracks counted are those contained within 4-degree
windows around the three peaks in Figure 4.3(b) (i.e., the analysis is restricted to only
those that are crystallographically oriented). This histogram clearly shows that these
crystallographically-oriented CNTs can extend beyond a micron in length, which is
almost twice as long as the aligned nanotubes on FLG [47]. (A detailed comparison of
the length of aligned CNTs on FLG and etched graphite is included in the appendix
A).
The fact that CNTs form parallel to etch tracks, and with much longer lengths,
suggests that adhesive interactions between the two drive the alignment of the nan-
otubes. The importance of an adhesive interaction between nanotubes and etch tracks
is demonstrated by the fact that some of the CNTs appear to clearly grow along etch
tracks, as in Figure 4.4. In this figure, the underlying etch track is pointed to with
the solid-red arrow, while the CNT is pointed to by the dashed-green arrow. The
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Figure 4.5: Nanomanipulation test of an aligned nanotube on etched graphite. (a)
The two red arrows show the path of the AFM tip dragged along the surface. (b)
AFM image of the same region after the nanomanipulation revealing an underlying
etch track.
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Figure 4.6: More evidence of CNTs grown along etch tracks. (a) Two CNTs pushed
away using AFM nanomanipulation revealing underlying etch tracks. (b) Another
nanomanipulation experiment showing an underlying etch track. AFM images of the
original CNT positions are shown in the insets of the panels. (All scale bars in this
figure are 500 nm in length.)
upper-right portion of this CNT is curved and does not appear adhered to the visible
etch track. In contrast, the lower left portion of this CNT is much straighter and lies
directly along the extrapolated path of the etch track, which is likely covered by the
nanotube in that region.
Further support for these adhesive interactions between CNTs and etch tracks
is obtained through nanomanipulation experiments. Figure 4.5(a) shows an AFM
topographic image of an aligned CNT on an etched graphite surface. This sample
was then subsequently nanomanipulated along the two red arrows in Figure 4.5(a)
with an AFM in contact mode in order to drag the CNT on the surface. During the
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Figure 4.7: Statistical analysis of CNTs aligned to etch tracks. (a–e) Show AFM
images of five regions of CNTs on etched graphite. Those CNTs that appear aligned
to the etch tracks are highlighted in blue within the inset of each panel. (f) A
histogram of these highlighted CNTs are the only ones to show alignment peaks,
represented by the intermediate thickness blue line in the plot. (All scale bars in this
figure are 400 nm in length.)
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Figure 4.8: Possible alignment mechanisms of nanotubes and graphitic etch track
edges. (a) Attraction of a CNT to the lower edge of a graphitic step due to the
greater coordination seen by the CNT, as represented by the schematic crosssection
figure. (b) The lower coordination seen by the CNT at the top of the step edge would
not be expected to result in adhesion for a rigid system. (c–d) Two possible edge
deformations that would increase coordination seen by the nanotube and might lead
to adhesion.
nanomanipulation an approximately 50 nN load force is applied to the cantilever while
the tip is in contact with the sample. Smaller forces were typically incapable of moving
these relatively long CNTs from their original locations. After such nanomanipulation
is performed, the CNT has been displaced away from its growth location, as shown
in the AFM image in Figure 4.5(b). This nanomanipulated CNT reveals that an
underlying etch track exists below its original location – further support that the
crystallographic alignment of the CNTs is due to their adhesion to etch tracks. This
same effect is seen in a number of other CNTs and etch tracks, as is shown in the
images of nanomanipulated nanotubes in Figure 4.6.
We obtain statistical evidence that the alignment of the CNTs on graphite surfaces
is due to interactions with the surface etch tracks, as is summarized in Figure 4.7.
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In this figure, we show AFM images of five nearby regions of an etched graphite
surface having aligned CNTs (with the corresponding optical image of the sample in
the appendix A). To perform the statistical analysis, the CNTs are grouped into two
categories: The first group consist of ones that have an etch track either protruding
from either end of the CNT, or have an apparent etch track directly adjacent to it.
The constituents of this category are highlighted by the solid blue lines in the insets of
the panels of Figure 4.7(a–e), and represent CNTs which, due to their orientation and
proximity to etch tracks, appear aligned to these tracks. The remaining CNTs are
grouped into the second category. The fact that the histogram of these two categories
(Figure 4.7(f)) only shows significant peaks for those CNTs that have evidence for
alignment to etch tracks is statistically strong support for their adhesion.
4.4 Experimental Evidence of Adhesion and Possible Mechanisms
Our results indicate that crystallographic alignment between CNTs and graphite
surfaces can be mediated by adhesion to surface etch tracks. For thin few-layer
graphene films less than about 5 layers in thickness, CNTs can directly align to the
surface crystal structure [47]. However, for films much thicker than 5 layers, like those
studied in this report, CNT alignment to the crystal axes of the graphitic surface is
significantly diminished. Our results show that CNT alignment can be regained in
this regime, for thicker graphite films, through their adhesion to etch tracks.
It is possible that this adhesion between CNTs and etch tracks arises due to
the Schwoebel-Ehrlich energy landscape at a step edge due to the variation of the
coordination as function of position in the vicinity of the step [107]. In such an
energy landscape, the CNT adhesion to the lower edge of the etch track is quite
straightforward – the greater coordination in that position increases the vdW binding
(as represented in Figure 4.8(a)). Such adhesive-aligned growth to the lower edge of
atomic steps has been reported on other substrates [92].
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However, our experiments indicate that the CNTs also preferentially align to the
upper edges of the etch tracks, as seen in Figures 4.4 and 4.7. In such positions,
the step acts to lower the local coordination seen by the CNT (as represented in
Figure 4.8(b)), and it is not obvious that there should be an attractive interaction
for nanotubes above steps. This attraction to the upper edge of graphitic steps also
appears to occur in the previous reports of CNTs grown on FLG – i.e., that they can
align to the top edge of FLG steps [47].
Direct experimental evidence of CNT adhesion to the top of graphene step edges
is obtained through the nanomanipulation and lateral force detection measurements
shown in Figure 4.9. In this experiment, a relatively short CNT in close proximity
to the top of a few-layer step on a graphite surface is moved into alignment (Figure
4.9(a and b)) with a low 3.9 nN net load (the applied load added to the adhesion,
which is the pull-off force of the tip from the surface). A larger net load is required
to move the CNT away from the edge (as seen in Figure 4.9(c and d)), without the
tip “jumping” over the CNT (as in Figure 4.9(c and e)). This larger required load
of the AFM tip is direct evidence of the adhesion of the CNT to the top surface of a
few-layer graphene edge.
One possible mechanism for this adhesion is that the presence of an exposed step
can significantly reduce the elastic modulus for deformation of the upper graphene
layers of the step, allowing for a slight puckering of the edge. The elasticity previously
reported by some of the current authors was also argued to be due to such a puckering
at an exposed edge of graphene [108], while the observed increase in friction of FLG
is currently thought to also arise due to puckering [102]. Moreover, recent theoretical
investigations have found that non-uniform strain can exist at exposed graphene
edges [109], which may make puckering of the graphene layers around a nanotube at
the top edge energetically favorable. In addition, computational investigations have
found that strain in the vicinity of a CNT–graphene interface increases their adhesive
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Figure 4.9: (Caption on next page.)
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Figure 4.9: Direct detection of CNT adhesion to the top of graphene step edges
through nanomanipulation experiments. The left most AFM image in each panel
shows the initial position of a CNT in close proximity to the top of a graphene step
edge, the middle figure corresponds to an image of the final CNT position, and the
plots on the right are the lateral signal (thin red line) and topography (thick blue line)
acquired during the nanomanipulation stroke performed at the net load (adhesion plus
applied load), illustrated by the solid red arrows in the AFM images. (All image sizes
are 450 nm in width.) (a) Nanomanipulation stroke that results in a CNT being
pushed at a net load of 3.9 nN. The lateral signal increases (solid black arrow) then
falls (dashed black arrow), corresponding to an initial attraction between the tip and
the CNT followed by an increased drag on the tip as the CNT is pushed on the flat
surface. (b) A second stroke at a net load of 4.3 nN to the same CNT results in an
initial attraction and drag evident in the lateral signal (starting at the solid arrow)
followed by a rapid decrease in drag and rise in topography as the tip moves over the
CNT (starting at the dashed arrow). (c) A stroke in the opposite direction with a net
load of 3.9 nN shows lateral and topography signals corresponding to the step edge
(solid arrow) followed by adhesion and drag for a very short distance (starting at the
dashed arrow) before the tip slips over the CNT (starting at the dotted arrow). (d)
Another stroke in the same direction, but with the higher net load of 5.4 nN, shows
the step edge signal (solid arrow) followed by the adhesion and drag as the CNT is
moved (starting at the dashed arrow). (e) After manipulating the CNT back to the
edge with a 3.9 nN net load, a 3.9 nN load is again incapable of dislodging the CNT
from the edge, with a similar result as in (c).
interactions [110].
Two such strain modes at a graphitic edge that could lead to attraction are rep-
resented in Figure 4.8(c and d). The edge formation illustrated in Figure 4.8(c) is
consistent with the theoretically proposed scrolling of single-layer edges [111], while
the one in Figure 4.8(d) is compatible with the expected rippling of graphene [112].
In both these strain modes of the edges the overall surface contact between the CNTs
and the underlying FLG has been increased, which could result in an overall increase
in vdW binding energy of the nanotube-edge system – and thus drive the attraction.
In a scenario where the nanotube induces a deformation like that shown in Figure
4.8(c and d), the increase in vdW binding energy would need to overcome the strain
energy of the deformed top layer along with the decrease in vdW binding energy due
to the slight delamination of the underlying FLG. An estimate of the overall binding
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energy of a CNT at the top of an exposed edge is likely strongly sensitive to the
precise strain mode, and will require detailed future modeling of this system.
In conclusion, we have found that nanotubes can be grown on highly-etched
graphite surfaces. Both the etch tracks and the nanotubes are aligned along the
same preferred orientations relative to the underlying graphite lattice. This align-
ment of nanotubes to etch tracks appears to be due to adhesive forces near graphene
step edges. While this work represents an alternative method to grow aligned nan-
otubes, the adhesion of CNTs to etch tracks could also have important implications
to understanding the local strain in the vicinity of graphene edges.
Copyright c© Mohsen Nasseri, 2018.
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Chapter 5 Aligned van der Waals Coupled Growth of Carbon
Nanotubes to Hexagonal Boron Nitride
5.1 Introduction
One of the exciting developments in recent years has been the prospect of “lego
stacking” different low-dimensional materials to achieve new composite systems hav-
ing diverse and improved functionalities [2]. Considering the vast, and growing, array
of low-dimensional materials, [1, 6, 96–99, 113, 114] there is tremendous potential in
engineering these new composite systems. Along this line, there has recently been
considerable progress at interfacing low-dimensional materials having the same di-
mensionality. This includes the interfacing of different layered 2D materials, such
as the combination of graphene and hexagonal boron nitride (hBN) [115] to achieve
high-mobility transport [25,116–118] and exotic interfacial effects, [26,95] along with
the combination of various dichalcogenides to achieve, for example, atomically abrupt
p-n junctions. [119] There has also been recent success at integrating 1D nanotubes
of different materials, where carbon nanotubes (CNTs) and boron nitride nanotubes
have been successfully formed concentrically [120,121].
Interfacing low-dimensional materials with varying dimensionalities is an attrac-
tive alternative system since it could combine both a variation of material properties
and symmetry constraints due to differing dimensionality [122]. In this vein, inter-
facing sp2 carbon and boron nitride materials in different forms of dimensionality is
particularly attractive, as each material has very different conducting properties but
with similar underlying lattices, having less than a 2% lattice mismatch [29]. Specifi-
cally, combining nanotubes and 2D layers of these two different materials could allow
for very different shapes of these constituents to be interfaced while still maintaining
nearly the same underlying lattice motif. This could help achieve one of the fas-
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cinating aspects of toy lego construction, where very different shapes are snapped
together using a common underlying lattice motif. Moreover, recent theory [123] and
experiments [124, 125] show that hBN could be an excellent substrate for increasing
the performance of CNT devices.
The integrated growth of mixed low-dimensional materials with different dimen-
sionalities could represent an attractive avenue for precisely obtaining these poten-
tially useful integrated systems. For the case of all 2D interfacial systems, the growth
of graphene on layered hBN that has developed over the last several years [126–136]
has progressed to the point where epitaxially grown systems [136,137] rival the perfor-
mance of interfaces fabricated through mechanical transfer [138]. The development in
growth of dissimilar low-dimensional systems with mixed dimensionality could like-
wise greatly improve the reliability and ease with which to precisely synthesize these
integrated systems. Moreover, the integrated growth with mixed dimensionality could
provide avenues of achieving systems that are not possible through exfoliation and
transfer–techniques that are generally restricted to layered 2D materials.
Here, we show the aligned growth of 1D CNTs on layered hBN substrates. Raman
scattering, scanning probe, and nanomanipulation experiments indicate that CNTs
are grown on the surface of the hBN under van der Waals (vdW) interactions and are
preferentially aligned along certain crystal directions. Furthermore, electrostatic force
microscopy (EFM) measurements and local nanoscale transport measurements show
that the CNTs conduct electrical current, in contrast to the surrounding insulating
hBN substrate. These results represent an aligned growth of vdW-coupled dissimi-
lar materials having different dimensionalities, which provides a possible avenue to
achieve oriented nanoscale circuitry on a high-quality insulating hBN substrate.
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5.2 Result and Discussion
To grow the aligned CNTs we begin by depositing Ni catalyst onto clean exfoliated
hBN flakes placed on SiO2 substrates (see the Experimental Section for details).
Using a 1 in. tube-furnace chemical vapor deposition (CVD) system near atmospheric
pressures, we perform a two-stage process for growing the CNTs on hBN. Under a
gas flow of 800 sccm Ar and 200 sccm H2, the samples are first raised to a preforming
temperature of 500 ◦C for 30 min, and then raised at a rate of ∼ 25–50 ◦C min−1 to a
CNT growth temperature between 960 and 990 ◦C for 60–120 min followed by cooling
to room temperature under gas flow prior to removal. CH4 is introduced at various
stages during the CVD processing with a flow rate between of 15 and 200 sccm.
Overall, for 10 CVD growth attempts having various CH4 processing conditions, we
have obtained seven wafers with evidence of CNTs grown on the hBN (see details of
all of these samples in the Appendix B).
Figure 5.1(a) shows an atomic force microscopy (AFM) image of an hBN flake on
one such sample (we denote it as“MNhBN-01”) on which nanotubes have been grown
using a 25 sccm CH4 feedstock application that was initiated at 650
◦C during the
ramp up to the final growth temperature of 980 ◦C. The AFM image of the processed
hBN flake has a number of white lines (pointed to by the solid-red arrows in Figure
5.1(a) and the enlarged image in Figure 5.1(b)), the majority of which we identify
as CNTs (supported by our analysis below). As is clear from the AFM images, such
CNTs tend to align along preferred directions of the hBN lattice. The zigzag pattern
of several of the grown CNTs (shown circled in Figure 5.1(b)) that seem to reflect
off other nanotubes suggests a tip growth process. In addition to these nanotubes,
we also observe some star-like defects that radiate from single points in the hBN
flake, like the one pointed to by the dashed-green arrow in Figure 5.1(a). These star
defects are also crystallographically oriented to the hBN lattice, like the nanotubes,
and commonly occur for CVD processed hBN (for more details of star-like defects see
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Figure 5.1: Nanotubes grown on an hBN film. (a) Atomic force microscopy (AFM)
image of the nanotubes grown on the few-layer hBN film. Most of the white lines on
the hBN flake are nanotubes (pointed to by the solid-red arrow) with some additional
star-like defects within the hBN film itself (pointed to by the dashed-green arrow)
that are also apparent. An etch track is pointed to by the dotted-yellow arrow. (b)
An enlarged AFM image showing details of the nanotubes grown on the hBN surface
within the dashed red square region in (a). A nanotube is pointed to with a solid-red
arrow, while two other that make a zigzag growth pattern are circled. (c) An AFM
topographic line scan of the nanotubes on hBN made along the dashed-red line in (a)
showing the diameters (taken as the topographic height increase) of the nanotubes.
(d) A histogram of the diameters of nanotubes grown on hBN measured with AFM
topographic line scans, like the one in panel (c).
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the Appendix B). The CVD processing also results in various amounts of catalytic
etching, [139–141] as pointed to by the dotted-yellow arrow in Figure 5.1(a), that
depends on the details of the CH4 feedstock application, as discussed in detail below.
Figure 5.1(c) shows an AFM topographic line scan along the dashed-red line in
Figure 5.1(a). This scan shows the diameters of the nanotubes, identified by the
height variation as the tip passes over them. A similar topographic analysis of 40
different nanotubes grown on hBN shows an average diameter of 3.04 ± 0.75 nm,
with the full data set presented in Figure 5.1(d).
The images in Figure 5.1(a) demonstrate that the nanotubes prefer to align along
three crystallographic directions of the underlying hBN lattice, similar to ones grown
on few-layer graphene [47]. To illustrate this preferred alignment we have constructed
a histogram from the CNTs in Figure 5.1(a) of nanotube length as a function of
angle and plotted it in Figure 5.1(a). This histogram has clearly distinct peaks at
angular intervals of 60◦. In contrast to this alignment, there are no observable aligned
nanotubes on the bare amorphous SiO2 substrate. Moreover, randomly oriented hBN
flakes on the same SiO2 substrate have nanotubes with three preferred directions of
growth, as shown in Figures 5.1 and 5.2, but which are not oriented with respect
to each other. This observation indicates that no external environmental interaction
(e.g., with the substrate or the gas flow) causes the nanotube growth alignment.
Instead, this suggests that the aligned growth is determined by the specific crystal
orientation of the underlying hBN substrate.
The crystallographically oriented nanotubes we have grown typically have straight
segment lengths less than ∼ 100 nm. Figure 5.2(b) is a histogram of the length
of the aligned nanotubes used to generate Figure 5.2(a) for those tubes that are
crystallographically oriented (defined as being within 4◦ windows around the peaks
in Figure 5.2(a)). These selected data in Figure 5.2(a) illustrate the short length of
the crystallographically orientated nanotubes, having a calculated mean length of 60
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Figure 5.2: Crystallographic orientation of nanotubes grown on hBN films. (a) His-
togram of the total length of all nanotubes as a function of angle for the nanotubes
in Figure 5.1(a). (b) Histogram of nanotube count as a function of straight segment
length within four-degree windows around the peaks in (a).
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± 48 nm.
The nanotubes tend to align to the underlying hBN lattice through two mech-
anisms. One is through direct interacting with the lattice, which is evident from
samples grown with relatively low CH4 feedstock flows (∼ 25 sccm) applied at early
stages (∼ 650 ◦C) of the upward going ramp to the final growth temperature. The
application of the CH4 feedstock at early stages of the ramp reduces the amount
of etching, consistent with inhibited etching of graphene upon application of carbon
feedstock. [142] Under these conditions, there are considerably more nanotubes than
etch tracks (as seen in the flake shown in Figure 5.3(a)), indicating that the preferred
orientations of the nanotube growth result from the direct interaction with the flat
(unaltered) hBN surface. [55,73,74]
Evidence of a second alignment mechanism is obtained from samples (like the one
shown in Figure 5.3(b)) grown at higher CH4 feedstock flows (∼ 100 sccm) that are
only applied once the growth temperature of ∼ 980 ◦C has been reached. Under
these conditions, there is considerably more etching, likely due to the fact that it
is not inhibited during the ramp up to the growth temperature. At these higher
feedstock flows in the presence of greater etching, the nanotubes are seen only to
align to the hBN lattice through their interactions with etch tracks, as is evident
from the alignment seen in the encircled regions of Figure 5.3(b).
Further evidence of the differing alignment mechanisms is found through a com-
parison of histograms for nanotubes and etch tracks. For samples like that shown
in Figure 5.3(a), having little etching, a histogram (shown in Figure 5.3(c)) shows
considerably longer oriented nanotubes than etch tracks. This indicates that the nan-
otubes must be aligning to the hBN lattice directly without need for the etch tracks.
In contrast, for samples with greater etching and feedstock (as in Figure 5.3(b)), the
nanotube histogram peaks are much smaller compared to the corresponding ones of
the etch tracks, as seen in Figure 5.3(d). This suggests that the etch tracks can play
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Figure 5.3: Comparison of nanotube and etch track orientations and alignments.
(a) AFM topographic image of a flake from sample MNhBN-01 showing nanotubes
grown with a low (25 sccm) CH4 feedstock flow over most of the temperature ramp
(starting at 650 ◦C) that inhibits etching. (b) AFM image of a flake from sample
AAhBN-03 showing nanotubes grown with a high (100 sccm) CH4 feedstock flow
only after reaching the growth temperature (980 ◦C) showing greater etching and
less alignment of the nanotubes. Two nanotubes that are aligned to etch tracks
are circled. (c) Histogram of the total length of nanotubes and etch tracks for the
image in (a). This histogram shows that the nanotubes show strong alignment to
the underlying hBN lattice despite the fact that there do not exist large quantities of
aligned etch tracks. (d) Similar histogram made of the image in (b) showing a flipped
tendency for alignment, i.e., having better alignment of etch tracks than nanotubes.
(The scale bars in (a) and (b) of this Figure are both 300 nm in length.)
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some role in improving the orientation of the nanotubes to the crystallographic axes
of the hBN.
In both cases the preferred alignment of the nanotubes appears to be in the same
direction as that of the etch tracks and to not be strongly dependent on the thickness
of the underlying hBN. This alignment contrasts the case of CNTs grown on few-layer
graphene films, which tends to be enhanced for thinner flakes (consisting of less than
five layers), [47] in directions 30 offset from the dominant etch directions, [55, 104]
and only aligned on thicker films through adhesion to etch tracks. One possibility is
that defects (like the observed star-like ones) help to decouple the top few layers of
the hBN, allowing it to better adhere to the nanotubes. [102]
Micro-Raman spectroscopy provides evidence that we have grown a sparse cover-
age of CNTs on the hBN surfaces. A Raman spectrum taken of the surface of the
sample in Figure 5.1(a) is shown in Figure 5.4(a) using an incident 633 nm incident
laser (see the Experimental Section). We identify the first peak as that of the E2g
mode for hBN, [143,144] while the second is the G peak typical of CNTs. [145] Since
the coverage of nanotubes is relatively low, in comparison to the exposed hBN, the
associated 2D signal of the CNTs is much smaller than the G peak and is not readily
apparent.
Further experimental support that the Raman spectrum in Figure 5.4(a) is in-
dicative of a sparse coverage of CNTs over an hBN substrate is obtained through a
comparison to spectra made of several control samples. These control samples con-
sist of hBN flakes and various amounts of CNTs deposited out of solution onto their
surfaces (with details of their sample preparation and optical imaging provided in the
appendix B). Figure 5.4(b) shows the Raman spectrum of a pristine few-layer hBN
flake, while Figure 5.4(c,d) shows the Raman spectra corresponding to the same hBN
flake with increasingly greater coverage of CNTs deposited onto the surface. As the
coverage of CNTs on hBN increases in going from Figure 5.4(c) to Figure 5.4(d), we
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Figure 5.4: Raman spectra of nanotubes on hBN samples. (a) A Raman spectrum
obtained from the sample in Figure 5.1(a) consisting of hBN with grown nanotubes.
The E2g peak of hBN and the G peak of CNTs are located at ∼1365 and ∼1600 cm−1,
respectively, for this sample. (b) The Raman spectrum obtained from a pristine hBN
flake. (c,d) The Raman spectra for double walled CNTs randomly deposited out
of solution onto hBN flakes. As the coverage of CNTs on BN increases in going
from panel (c) to panel (d) we observe a marked increase in detector counts and
improved signal/noise. Moreover, as the CNT coverage increases, the D (∼1250
cm−1), G (∼1600 cm−1), and 2D (∼2620 cm−1) peaks associated with sp2 carbon
become much more pronounced in comparison to the hBN signal. All spectra were
taken with an incident laser wavelength of 633 nm with background subtraction. The
counts per second (cps) were obtained by averaging over integration periods of 800 s
for the spectrum in (a) and 600 s for the spectra in (b)–(d).
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observe a marked increase in detector counts and improved signal/noise, indicating
that the Raman scattering is increasingly dominated by the CNTs. As coverage in-
creases there is also a corresponding change to the dominant peaks. As seen through
a comparison of Figure 5.4(c,d), by increasing the density of the CNTs, the D (∼1250
cm−1) and G (∼1600 cm−1) peaks associated with sp2 carbon begin to increase in
comparison to the E2g (∼1365 cm−1) peak for hBN. For very high CNT coverage
on hBN, as in Figure 5.4(d), the observed dominant peaks are those associated with
carbon nanotubes. At this highest coverage a well-formed 2D (∼2620 cm−1) peak of
the CNTs also becomes readily observable.
The grown CNTs appear to be coupled to the hBN surface through van der
Waals interactions, as is evident from nanoscale manipulation experiments. Figure
5.5 shows a before and after AFM image taken of the same hBN region containing
oriented nanotubes. The red arrow in Figure 5.5(a) shows the path of an AFM tip
dragged on the surface with a constant normal load of ∼ 15 nN (see the Experimental
Section for details of the nanomanipulation investigation). This single line scan of the
tip is seen in Figure 5.5(b) to bend only one CNT, which likely remains bent because
the restoring torque of the nanotube is insufficient to act against the required lateral
sliding and rolling forces to restore it into its original position. This contrasts earlier
work on the nanomanipulation of much larger diameter multi-walled CNTs, [64,103]
which are significantly stiffer and remain rigid on graphitic surfaces, rather than
bend. This nanomanipulation result provides strong evidence that the CVD-grown
aligned CNTs are not strongly bonded to the hBN substrate through covalent bonds.
Instead, this ability to slide along the surface is typical of materials that are adhered
principally through vdW coupling [2].
Theoretical work [29,146,147] on layered structures consisting of few-layer stacks
of graphene and hexagonal boron nitride provides some insight into the possible
interactions between the CNTs and the underlying hBN substrate. The roughly 0.33
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Figure 5.5: Nanoscale manipulation of CNTs grown on hBN. (a) An initial AFM
topographic image of crystallographically oriented CNTs on hBN. After the AFM
scan was made, the tip was dragged on the surface with a constant normal load
of ∼ 15 nN. (b) An AFM image of the same region showing the results after the
nanomanipulation was performed.
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nm equilibrium distance between the layers of graphite, hBN, and heterostructures
consisting of these two is thought to arise principally from a competition from vdW
attractions and Pauli repulsion [147]. At this separation distance, the vdW attractions
are understood to be very similar for both graphene and hBN layers. Although the
electrostatic variations due to the polar bonds within hBN are significantly diminished
at this distance, [147] the small remnant potential variation as a function of position
(along with Pauli repulsion) leads to preferred lowerenergy stacking arrangements.
[29, 146] It is possible that CNTs on hBN also have preferred stacking arrangements
that favor certain orientations and lead to the aligned growth directions we observe,
as in Figure 5.1.
To demonstrate the contrasting material properties of the grown CNTs and the
underlying hBN substrate we have performed electrical transport measurements. To
achieve these measurements, 5 nm of Ti, followed by 30 nm of Au, was deposited
over portions of some of the nanotubes on an hBN substrate, as shown in Figure
5.6(a) (see the Experimental Section for details of the sample preparation and the
electrical measurements). By biasing this gold electrode, we measured the conduc-
tance of a grown CNT on hBN by bringing a conductive AFM tip in contact with
the nanotube and then measuring the current, as schematically represented by the
illustration in Figure 5.6(b). As a reference, Figure 5.6(c) shows the resistance of
the gold lead through the AFM tip, which is ∼ 130 Ω. When we place the conduct-
ing AFM tip in contact within the dashed-red circle in Figure 5.6(a), we have been
able to directly detect conductance through an aligned CNT grown on hBN. These
conductance measurements through a CNT are the red-square data points shown
Figure 5.6(d), with a two-probe resistance of ∼ 50 GΩ. This overall high two probe
resistance for a CNT suggests that the tip–tube contact is the dominant source of
electrical impedance in the circuit. We suspect that this high contact resistance is
partially due to the difficulty in making a stable high-conductance electrical contact
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to a vdW-coupled CNT that can easily slide on the atomically flat hBN substrate
(consistent with the nanomanipulation demonstrated in Figure 5.5). In comparison
to the electrical transport measured through the CNT, once the tip dislodges from
the nanotube and is, presumably, only in contact with the hBN surface the current
abruptly falls to undetectably low levels, as seen in the blue-circular data points in
Figure 5.6(d).
To achieve further evidence of the contrasting conductive properties between the
hBN and the grown CNTs without the need for direct electrical contact to the nan-
otubes, we have employed EFM. The EFM measurements lift a conducting AFM tip
a height of ∼ 30 nm off the surface of the hBN for each scan line of the image (see de-
tails of technique in the Experimental Section). The tip is driven near resonance and
its phase is monitored as a function of applied voltage and lateral position on the sur-
face providing local information on the conducting properties of the sample. [148–150]
In the implementation of the technique that we use, referred to as “SNAP mode”,
the lifted AFM tip follows a path with a fixed 30 nm vertical displacement from the
linear fit to an initial pass. This SNAP mode avoids artificial signals from capaci-
tance variations due to topographic features, rather than the variation of the material
properties [150,151].
Figure 5.7(a) shows the topography of the region within the blue box in Figure
5.6(a) investigated with EFM. The SNAP-mode EFM measurements of this region
are shown for -7 V (Figure 5.7(b)) and +7 V (Figure 5.7(c)) applied to the tip
relative to the back conducting plane of the Si substrate. These EFM measurements
show clear evidence of an electrical signal corresponding to locations of the sample
containing CNTs. The EFM signals can be understood by focusing on two regions
in Figure 5.7(a) – the one in the thin blue box over a bare portion of hBN and the
one within the thicker red box consisting of a CNT. As seen in Figure 5.7(d), the
phase of the EFM signal as a function of the tip voltage shows a parabolic behavior
77
Figure 5.6: Two-probe conducting-tip measurements of electrical transport of CNTs
grown on hBN. (a) AFM image of a Ti/Au electrode lithographically placed onto a
portion of CNTs grown on hBN. The CNTs can be seen in this image as the white
lines on the hBN surface. (b) Schematic of electrical transport measurements, where a
conducting tip is used to form the second electrode. (c) The reference conductance of
the tip placed in direct contact with the Ti/Au electrode. (d) The two-probe current–
voltage measurements (red-square data points) of a CNT measured by placing the
conducting tip in contact with a nanotube in the region circled by the red dashed line
in panel (a). When the tip dislodges and is in contact with the nearby hBN substrate,
the conductance and current falls abruptly to the blue-circular data points.
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Figure 5.7: Detection of electrical conduction of CNTs on hBN through electrostatic
force microscopy (EFM) measurements. (a) Topography of the region within the
solid-blue box in Figure 5.6(a) investigated with EFM. (b) EFM image of the same
area as in (a) with -7 V applied to the tip relative to the grounded conducting back
plane of the substrate showing a contrasting signal of the CNTs grown on hBN. (c)
EFM image of the same area as in (a) with +7 V applied to the tip relative to the
grounded conducting back plane of the substrate, showing a slight contrast in the
signal of the CNTs on hBN. (d) EFM analysis of measurements of a region over the
bare hBN (the thin-blue box in (a)) and over a CNT (the thick-red box in (a)) with
signals averaged over the respective boxes. In both regions the EFM signal shows
a parabolic phase as a function of tip voltage, indicative of a capacitive signal. (e)
Plotting the difference in the EFM signals shows that over the CNTs, the phase shift
is consistently greater, particularly for negative tip voltages. Measurement 1 was
performed with a new sharp conducting tip, while the second set of measurements
(Measurement 2) was performed with the same tip after it had been worn. (f) A
capacitive model that accounts for the increased phase shift over the CNTs due to
the increased capacitive coupling due to their electrical conduction.
for both regions. This type of parabolic behavior is well known to be indicative of
capacitive coupling of a conducting tip and a sample. [148, 152] Upon taking the
difference of the phase for these two regions (Figure 5.7(e)), there is a clear increase
in the EFM phase signal over the CNTs, particularly at negative tip voltages. The
same experiment repeated after the tip had been worn shows a diminished but still
discernable increase in EFM phase response over the CNTs.
The increase in EFM phase signal over nanotubes can be understood through the
schematic illustration in Figure 5.7(f). In this model, the more conductive CNTs
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(in comparison to the bare hBN substrate) add additional capacitive coupling to the
back of the Si substrate, resulting in a larger phase shift over the nanotubes. These
EFM results are, thus, a direct observation of the increased electrical conduction of
the grown CNTs in comparison to the underlying hBN substrate.
It is possible that the asymmetry of the EFM measurements seen in Figure 5.7(e) is
due to the nanotubes being p-doped and semiconducting. While the results in Figure
5.7 show evidence of increased capacitive coupling, the source of the asymmetry seen
in Figure 5.7(e) is difficult to discern and quantify since its magnitude varies with
the tip (as seen by the two measurements), and the fact that the signal may also
arise from an interfacial dipole layer between the nanotube and the hBN, like the one
expected for interfaces between graphene and hBN. [153]
Overall, we have demonstrated aligned growth of vdW-coupled 1D CNTs on the
layered insulating 2D material hBN. The direct integrated growth of components
consisting of contrasting material properties and dimensionalities, along with the
fact that the grown CNTs have preferred orientations with respect to the underlying
hBN lattice, provides an important step to developing intricate nanoscale electrical
circuits on high-quality insulating substrates.
5.3 Experimental Section
Sample Preparation: To achieve the nanotube growth, it was started with silicon
wafers having a 300 nm SiO2 coating that were cleaned by sonication in acetone,
isopropyl alcohol (IPA), and deionized (DI) water followed by a UV Ozone for a 30
min exposure in order to eliminate any remaining hydrocarbon surface contamination.
Hexagonal BN flakes, purchased from HQ-Graphene, were mechanically exfoliated
onto the clean silicon wafer. CVD was then used to remove tape residues from the
sample by annealing the sample at 450 ◦C with Ar/H2 (400 sccm/400 sccm). Using an
electron-beam evaporator, Ni films were then deposited (having a nominal ∼0.02 nm
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thickness, as determined by a crystal-thickness monitor) on the samples in vacuum.
CVD Parameters for CNT Growth: After Ni deposition the samples were sub-
jected to another CVD process in order to grow CNTs. This process started with
the samples being annealed at 500 ◦C for 30 min with gas flow rates of 800 sccm Ar
and 200 sccm H2. After this step the temperature was raised at a rate of ∼ 25–50 ◦C
min−1. When the temperature reached between 580 and 990 ◦C, CH4 was introduced
with a flow rate of 15–200 sccm. The furnace was then heated to a temperature
of 960–990 ◦C for 60–120 min to promote CNT growth (see Table B.1 for specific
temperatures, times, and CH4 flow rates for each sample in the appendix B).
Raman Spectroscopy Measurements: Raman spectroscopy was performed with a
Horiba Jobin Yvon system consisting of an Olympus BX41 microscope and a 633 nm
HeNe laser. The incident laser intensity was kept below 4 mW to avoid damaging
the sample.
CNT Nanomanipulation: Nanomanipulation was performed in contact mode with
an Asylum Research MFP-3D AFM using the MicroAngelo package with Budget
Sensors Tap300Al-G probes.
Transport Measurements: Electrodes were fabricated with a Raith ELPHY Plus
system installed on an FEI Quanta 250 scanning electron microscope (SEM) using
standard electron beam lithography procedures. An electron beam evaporator was
used to deposit 5 nm of titanium followed by 25 nm of Au to form an electrical contact
to one end of a nanotube. Electrical measurements were performed with a Keithley
6517A high resistance meter. During the electrical measurements, conductive AFM
probes (Budget Sensors Tap300GB-G) were used to make direct contact to CNTs
with normal forces of ∼15 nN. Two probe transport measurements of the CNTs were
made between the conductive AFM probe and the lithographically defined electrode.
EFM Measurements: EFM measurements were performed with an Asylum Re-
search MFP-3D using “SNAP” mode. In SNAP mode, an initial topography scan
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was made in tapping mode (intermittent contact mode). This was followed by an
EFM scan where the probe was raised a fixed distance above the sample and fol-
lowed the linear best-fit line of the topography scan. During the EFM scan a voltage
was applied to the probe and the phase difference between the probe and the drive
frequency was measured. The probes used during EFM scans were Budget Sensors
ElectriMulti75G (with Pt coating) having a nominal radius of curvature of <25 nm.
Copyright c© Mohsen Nasseri, 2018.
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Chapter 6 Nanoscale Devises Based on CNTs and 2D Materials
6.1 Introduction
According to Moore’s law the number of transistors in integrated circuits approxi-
mately double every two years. This means the transistors are getting smaller and
smaller, and the number of transistors is more and more in today’s electronic devices.
This reduction of the channel length into few nanometer scales, causes problems
known as short channel effects in devices [154, 155]. As a result, instead of focusing
on silicon technology to enhance the devices properties, one alternative way is to
look for new materials. It is expected that this procedure to scale down the size of
electronic components will soon involve the incorporation of a new class of atomically
thin materials. 1D and 2D materials like graphene, MoS2, hBN, carbon nanotubes,
nanowires, etc., are excellent candidates for future electronic devices because of their
interesting properties. In the form of single layer materials, they are ultrathin, very
smooth, and the fact that they have a wide varieties of electronic properties makes
them suitable materials for device applications.
Scaling down the device fabrication to nanometer regime requires atomically pre-
cise construction of complicated hybrid heterostructure systems consisting of ma-
terials with different dimensionality and diverse behavior. A complex arrangement
of conductors, semiconductors, and insulators is commonly seen in nanoscale de-
vices [156]. In such a nanoelectronics, the interface quality to electrical contacts and
the crystal orientation of different component would be very important to improve
the quality and the performance of the devices. [157–161].
The discovery of graphene in 2004 has opened a new chapter in 2D materials
and over the past decades more than dozens of these 2D materials have attracted
attention, have been synthesized, and studied extensively for future use in electron-
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ics. Like graphene, Molybdenum disulfide (MoS2) is another 2D material with a
direct band gap of 1.8 eV (single layer), with fascinating electronic and optoelec-
tronic properties [162]. Another 2D layered material that certainly will be used in
future nanoelectronics is the insulator hexagonal boron nitride (hBN). Due to it’s
wide band gap of ∼ 5.9 eV [28] and it’s honeycomb structure similar to graphene, it
is also considered a fundamental component for future nanoelectronic architectures.
It has been discovered that its smooth surface makes it an exceptional substrate for
graphene [25]. Another potential material is one dimensional (1D) carbon nanotubes
(CNTs) with both semiconducting and conducting behaviors that can be integrated
by other 2D materials for nanoelectronic architectures. Since they are formed with
sp2 carbons they share the same lattice and many properties with graphene.
The standard field effect transistors, the source and drain electrodes placed on the
channel and have contact with the channel. Making the channel length on the order
of a nanometer would introduce short channel effects in devices. Furthermore, the
thickness of electrodes in short channel devices play a significant role by introducing a
fringing effect in the channel which negatively affects the gate control of the channel.
[163,164] By choosing very thin electrodes this effect will be minimized, but thinning
down the metal electrodes and making the electrodes only a few atom thick is very
challenging. Using 2D layered conductor material such as graphene or few layer
graphene would be very beneficial toward achieving this goal. Applying graphene as
electrodes not only help to reduce the fringing effect due to the thickness of electrodes,
but also is useful to reduce the contact resistance [164,165]
In this chapter we present a method of fabricating a heterostructure nanoscale
device where few layer graphene is used as electrodes and narrow etch tracks on the
graphene are utilized to define the channel length. To construct the channel, single
or bi-layer MoS2 or another layer of graphene is used. It has been reported that
by utilizing catalyst particles like Iron or Nickel few layer graphene on an insulating
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substrate can be etched along the crystal directions due to hydrogenation [69]. It has
been shown that width of these etch tracks can be as small as ∼ 10 nm. Further-
more, in another work it has been shown that by employing the electrostatic force
microscopy (EFM) the catalyst particle can etch few layer graphene such that the
etch track would be an insulating region between the two graphene pieces. [151]
It has also been discovered that carbon nanotubes can grow along specific crystal
direction of underlying graphene or hBN lattices. In these works it’s believed that
the growth of CNTs are commensurate with the underlying lattice of graphene or
hBN [47, 104, 142, 166]. In reference [104] the integration of CNTs, graphene and a
dielectric substrate of SiO2 are considered as a potential method to fabricate nanoscale
transistors where the channel is a semiconducting CNT, and the electrodes are few
layer graphene.
In this chapter we used a slightly different synthesis method to reproduce such
a system described above and in reference [104]. Moreover, we are using few layers
graphene electrodes to fabricate heterostructure nanoscale device where the chan-
nel can be CNTs, MoS2, or even another graphene layer. This ability to integrate
graphene electrodes with CNTs, a MoS2 layer, or graphene layer and make a het-
erostructure nanoscale systems is a promising step towards achieving the integration
of diverse nanomaterials into a complicated system.
Here we show that in case of CNTs over etch tracks the integrated formation can
be achieved by growing CNTs directly over nanogap etch tracks while maintaining
crystallographic orientation of CNTs with the underlying graphene flake. In the case
of MoS2 or graphene over the etch track, our goal is to pick up a single or bilayer
MoS2 or graphene from a silicon substrate and transfer them over the etch track.
85
6.2 Experimental Section for Fabrication of Nanogap Devices
The short channel devices are fabricated by using a nanogap on graphene flakes.
First we mechanically exfoliate graphene from bulk Kish graphite by using the sticky
tape method onto a 300 nm SiO2 substrate. Then, chemical vapor deposition (CVD)
is used to remove tape residues from the sample by annealing the sample at 450
C with Ar/H2 (400 sccm/400 sccm). By using an electron-beam evaporator, we
deposit a Ni film with a nominal thickness of ∼ 0.02 nm on the samples in vacuum.
This thickness is determined by a crystal-thickness monitor in the electron beam
evaporator chamber.
After Ni deposition the samples are subjected to another CVD process in order
to obtain ultra-narrow nanogaps on the graphene plane which later are used as elec-
trodes. This process starts with the samples being annealed at 500 ◦C for 30 min
with gas flow rates of 800 sccm Ar and 200 sccm H2. After this step the temperature
is raised to 900–940 ◦C at a rate of 50 ◦C min−1 while maintaining the gas flow. The
samples can stay in this stall for 30-60 min, so the catalyst particles will form etch
tracks on the graphene flake due to hydrogenation. These separated pieces of FLG are
potential candidates for electrodes in our devices. After the etch tracks are formed,
we identify graphene flakes that are a few layers thick using optical microscopy. Then,
by performing intermittent AFM in ambient atmosphere we identify the etch tracks
and we make sure the catalyst particles have etched the FLG all the way down to the
substrate and the SiO2 is exposed. At this step we take high resolution AFM images
to find the width and depth of the nanogap.
6.2.1 Devices Fabricated with Heterostructures of MoS2 (or Graphene)
After creating a nanogap on graphene, we will transfer a flake of MoS2 (or graphene)
onto the nanogap. During these transfer polymers such as polydimethylsiloxane
(PDMS), polycarbonate (PC), and Polypropylene carbonate (PPC) are employed.
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To perform this transfer we exfoliate MoS2 from a bulk MoS2 crystal onto SiO2 and
by using a polymer stamp (consist of PDMS/PC) we pick them up. The MoS2 crystal
was purchased from HQ Graphene.
The schematic diagram in Figure 6.1 displays the polymer stamp made of glass-
slide/PDMS/PC/(2D-Material) which is used in our home-made transfer system. The
diagram also shows the step by step pick up and transfer procedure and the pick up
and transfer of 2D materials like MoS2 (or graphene) over FLG nanogap is explained
in the following. A Si/SiO2 chip that contains exfoliated MoS2 (graphene) is placed
on a microscope with a heating stage and the flake to be picked up is identified. After
identifying the flake of interest the glass slide that holds the polymer stamp and is
held in a micromanipulator will be moved horizontally above the sample with the
PDMS/PC polymer facing down. At this point we are still able to see the flake of
interest through the glass/PDMS/PC. Then by lowering down the glass slide along
the z-axis of the micromanipulator the PDMS/PC will be in contact with the MoS2
(graphene) and it will completely cover the flake. While the stamp is in contact with
the flake we turn on the heating stage and raise the temperature to ∼ 80 ◦C and then
lower it down to room temperature. The heat will result in a much better contact
between the PC film and the sample. Then by moving the glass slide along the z-axis,
we retract the glass slide, which results in the pick-up of the MoS2 (graphene) flake
from the Si/SiO2 as it is seen in schematic illustration in Figure 6.1(iii)
The next step is to place a flake that has been picked up onto a grphene nanogap.
So, while the glass slide is still mounted on a micromanipulator we put the Si/SiO2
substrate with the nanogap onto the heating stage. Now by using the micromanip-
ulator we align the previously picked up flake of MoS2 (graphene) over a graphene
nanogap. Then, by lowering the glass slide the MoS2 (graphene) flake will be in
contact with the graphene nanogap, and eventually the entire PC film will be in con-
tact with Si/SiO2. To release this stack onto the substrate containing the graphene
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Figure 6.1: Schematic illusteration of pick up and transfer method using polymers
stamps to fabricate nanoscale heterostructures
nanogap we raise the temperature to ∼ 150 ◦C which is the glass transition temper-
ature of PC. Nest the glass slide is carefully retracted from the substrate and the PC
film is released from the PDMS. Finally, the Si/SiO2 wafer is placed in chloroform
for ∼ 15 minutes to dissolve PC film and then rinsed with acetone and IPA.
We repeat this method to have a few sample on a Si/SiO2 wafer and then the
sample is thermally annealed in mixed gas of H2/Ar (400sccm/400sccm) for ∼ 2
hours at 400 ◦C in the CVD system to obtain good contact between the graphene
nanogap and top MoS2 (graphene). This thermal annealing also helps to remove
residues from the surface of samples. The possible source of such residue is when the
sample is placed in chloroform to dissolve the PC film. By performing AFM before
and after the final thermal annealing step we noticed the sample is almost residue
free.
The same pick up procedure can be repeated to pick up many flakes and build a
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stack of 2D materials on the PDMS/PC slide and later release it on a new substrate.
Advantages of the dry transfer method used in this study is a clean contact between
the graphene nanogap and the upper layer MoS2 (graphene) which is very important
to lower the contact resistance and final device’s performance.
6.2.2 Carbon Nanotube Device
In the case of fabricating nanotubes over graphene nanogaps we discovered that car-
bon nanotubes and etch tracks preferentially form along specific crystal axes of the
graphene and both are formed simultaneously during the first CVD process. So, no
extra assembly is required. We have been convinced that the etch tracks are formed
along the three zigzag directions and the CNTs grow along the three armchair direc-
tions of graphene while the growth being commensurate to the underlying graphene
lattice.
During all of the sample fabrications we have seen the etch tracks are usually
formed at lower temperature than the temperature that is required for CNTs growth.
So, after Ni deposition a three step CVD process is performed in order to obtain
nanogaps on graphene and grow CNTs. In the first step the samples being annealed
at 500 ◦C for 30 min with gas flow rates of 800 sccm Ar and 200 sccm H2. The
purpose of this step is to form catalyst particles on graphene flakes. After this step
the temperature is raised to 900-940 ◦C at a rate of 50 ◦C/min for 20 min, while
maintaining the gas flow. We believe at this step the etch tracks are formed on the
graphene flakes. However, CNT growth is a possibility during this step, but it has
not been observed very often. Then the temperature is raised to 980 ◦C and CH4 is
introduced with a flow rate of 15-50 sccm to promote the CNT growth.
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6.2.3 Result and Discussion
MoS2 (or Graphene) on Graphene Nanogap
The graphene electrode in this study not only provide a near ohmic contact but also
is beneficial to avoid fringing effects. [163,164,167–169] Usually electron beam lithog-
raphy and etching procedure do not provide a smooth and ultrashort gap along the
crystallographic directions on graphene. One method to fabricate graphene electrode
for MoS2 (or graphene) channel transistors is to use catalyst particles such as Ni to
provide a smooth gap on graphene along the crystallographic directions of graphene.
As a result, we are able to fabricate very short channel MoS2 (or graphene) field effect
transistor on Si substrate. Optical and AFM images in Figure 6.2 provide the step
by step fabrication process. Figure 6.2(a) shows a mechanically exfoliated flake of
graphene after CVD process, so the flake consists of many crystallographic nanogaps
on graphene. Such nanogaps are identified by using AFM and the width and depth
of the nanogaps are measured. Figure 6.2(d) shows an AFM image of the targeted
nanogaps, identified by red arrows. The width of the nanogaps identified by arrows 1
and 2 are 22 nm and 44 nm respectively. The depth of the nanogaps is 3.4 nm which is
equivalent to the thickness of this graphene flake that is about 10 layers of graphene.
Figure 6.2(b) shows a mechanically exfoliated flake of MoS2 (purchased from SPI) on
a separate silicon chip. Using the transfer method explained in section 6.2.1 the MoS2
flake is picked up and transferred over a graphene nanogap and an optical image of
this structure is seen in Figure 6.2(c). An AFM image of this heterostructure after
metal leads have been fabricated is demonstrated in Figure 6.2(e). The thickness
of the MoS2 flake measured along the yellow solid line in Figure 6.2(e) is ∼ 1.5 nm
which corresponds to two layers of MoS2. This thickness measurement performed
before fabrication of the metal leads. After reactive ion etching to remove unwanted
regions, the final devise structure is shown in Figure 6.2(f). The dashed lines in Fig-
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ure 6.2(e) and 6.2(f) highlight where the nanogaps are. The transport measurement
of these devices are shown in Figure 6.2(g–l). Figure 6.2(g–h) shows the current I
vs. bias voltage Vb at various back gate voltages for two different combinations of
nanogap heterostructures from Figure 6.2(f) – 1L to 1R and 1R to 2R. The transfer
characteristic of these two devices is shown in Figure 6.2(j–k). Furthermore, the out-
put characteristic and transfer characteristic of another leads combination which is
not across the nanogap is shown in Figures 6.2(i) and 6.2(l). No significant transfer
characteristic is shown for 1L to 2R which might be due to a relatively thick flake of
graphite. The electronic characterization of the device of 3L to 3R and explanation
about other devices is presented in appendix C.
Figure 6.3 shows the step by step fabrication for another MoS2 over graphene
nanogap device. Figure 6.3(a) shows a mechanically exfoliated flake of graphene
after CVD process. As a result the flake consists of many crystallographic nanogaps
on graphene. Using AFM such nanogaps are identified and the width and depth
of the nanogaps are measured. Figure 6.3(d) shows an AFM image of the targeted
nanogaps, identified by red arrows numbered 1, 2 and 3. The width of the nanogaps
identified by arrows 1, 2 and 3 are 72 nm, 58 nm and 36 nm respectively. The
depth of the nanogaps which is equivalent to the thickness of the graphene flake is
2.2 nm. Figure 6.3(b) shows a mechanically exfoliated flake of MoS2 (purchased from
HQ-Graphene) on a separate silicon chip. Using the transfer method the MoS2 flake
is picked up and transferred over the graphene nanogaps. An optical image of this
heterostructure is seen in Figure 6.3(c) and Figure 6.3(e) demonstrate an AFM image
of this heterostructure after metal leads have been fabricated. The thickness of the
MoS2 flake measured along the yellow solid lines in Figure 6.3(e) is ∼ 1.7 nm which
corresponds to two layers of MoS2. After reactive ion etching to remove unwanted
regions, the final devise structure is shown in Figure 6.3(f). The output and transfer
characteristics of the device between leads 2-1 and 2-2 are shown in 6.3(g–h).
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Figure 6.2: Step by step fabrication of device consisting of a MoS2 channel across a
graphene nanogap. (a) Optical image of etched graphene flake. (b) Optical image of
MoS2 flake to be picked up and transferred over the etch track. (c) Optical image
of transferred MoS2 over the graphene nanogap. (d) AFM image of etch track on
graphene before transfer of MoS2. (e) AFM image of transferred MoS2 over target etch
track. (f) Final device structures after removing the unwanted regions by RIE. (g–l)
The electronic characterization of three different lead combinations of heterostructure
of few -layer graphene and MoS2.
Additionally, we extend this fabrication process to nanogap devices with graphene
channels. It is possible to follow the same procedure and only replace MoS2 with
graphene. Such a device has been fabricated and the step by step procedure is shown
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Figure 6.3: Step by step fabrication of device consisting of a MoS2 channel across a
graphene nanogap. (a) Optical image of etched graphene flake. (b) Optical image
of MoS2 flake to be transferred over the etch track. (c) Optical image of transferred
MoS2 over the graphene nanogap. (d) AFM image of etch track on graphene before
transfer of MoS2. (e) AFM image of transferred MoS2 over target etch track. (f) Final
device structures after removing the unwanted regions by RIE. (g–h) The output and
transfer characteristic of the devices between leads 2-1 and 2-2 in (f).
in Figure 6.4(a–f). The targeted etch tracks are shown by red vectors in 6.4(e) and
the region highlighted by dashed yellow circle display a single layer flake of graphene
which has been successfully picked up and transfered over the graphene nanogap.
Data in Figure 6.4(g–l) illustrate the output and transport characteristic of three
permutations of devices in 6.4(f).
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Figure 6.4: Step by step fabrication of device consisting of single and bi-layer graphene
channel across a graphene nanogap. (a) Optical image of etched graphite flake. (b)
Optical image of graphene flake to be transferred over the etch track. (c) Optical
image of transferred graphene. (d) AFM image of etch track on graphite flake before
transferring of graphene flake. (e) AFM image of transferred graphene over target
etch track. (f) Final device structures after removing the unwanted regions by RIE.
(g–h) The output and transfer characteristic of three combinations of the devices in
(f).
CNTs on Graphene Nanogap
Figure 6.5(a) shows an AFM height image of heterostructures composed of carbon
nanotubes and few-layer graphene. The AFM thickness measurement indicates the
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graphene flake is 0.7 nm thick which means it is a bilayer flake. Clearly, both
catalytic etching and CNT growth is observed on this sample. As reported previ-
ously [47,104,142,170] the CNTs and etch tracks are preferentially formed along the
crystal directions of grphene lattice – we believe the etch tracks are formed along the
zigzag directions and CNTs are formed along the armchair directions. This crystallo-
graphical alignment of the CNTs and etch tracks is limited to three possible types of
integrations due to the crystal structure of graphene. As explained in experimental
section the source of carbon for CNT growth is the CH4 which was introduced in
the last step of CVD process. It is expected that catalyst particles that have been
involved in the formation of etch tracks do not produce CNTs, and vice versa. There
are two possibilities that can occur to form this type of CNTs–nanogap integrations.
In the first option, the nanogap is formed first, followed by CNTs grow over the
nanogap; in the second option, the CNTs growth occur first and is followed by the
etching of the underlying graphene flake. Since the CH4 is introduced in the last step
of the CVD process and we have shown CH4 inhibit the catalytic etching of graphene
flake through hydrogenation [142], it is more likely that the first option happens in
the samples presented here. Figure 6.5(b) is an enlarged AFM height image showing
details of crystallographic growth of CNTs on the graphene surface. The parallel
CNTs at the center of the figure are completely over the etch track, that is identified
by a red arrow, without being cut. This system that is consisting of CNTs on FLG
on insulating SiO2 substrate, represent an integration of these three components into
an arrangement that is interesting for future nanoelectronics applications. [156]
Since the band gap of CNTs is inversely proportional with their diameter, it is
more desirable to have CNTs with smallest possible diameters. The diameter of
CNTs have been reported in this study and similar studies reported previously are
typically between 4–6 nm and grown on the sub-five layers of graphene or hBN. It
is believed this limitation in the diameter of CNTs is dictated by the diameters of
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Figure 6.5: AFM height image of heterostructure of CNTs and graphene nanogap. (a)
CNTs aligned to the crystallographic directions of underlying graphene. (b) Enraged
AFM image taken from region of red box from (a). The red arrow shows an etch track
on a graphene flake and the parallel CNTs at the center of figure are completely over
this etch track.
catalyst particles which are formed on FLG during the first step of the CVD process.
So, perhaps by controlling the diameter of catalyst particles on few layer graphene
before they reach an equilibrium size we would be able to have smaller diameter CNTs
which is more desired for device applications.
Graphene Nanogap on hBN
Certainly for these heterostructures which are reported in this work it is desirable to
have the smallest nanogap on single layer or few layer graphene. Therefore, not only
the thinnest material is used for electrode but also the channel lengths in the devices
decreases. The crystallographic catalytic etching of single layer graphene have been
reported previously, [106] and we have observed it as well in our samples. However,
we have found that formation of crystallographic etching of single layer graphene on
SiO2 is challenging. Our studies indicate that such etch tracks are usually formed
at higher temperature, or they are not as straight as those on few layers graphene.
Furthermore, the length of these tracks are usually shorter compare to those on few
layer graphene, and in general the number of tracks are less on single layer graphene
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than those on few layer graphene. Another significant observation in our studies is
that the number of catalyst particles are greater on single layer graphene than those
on few layer graphene. One possibility that results in such observations is that the
SiO2 substrate is not atomically flat, which results in the single layer graphene to not
have a very flat surface, especially after thermal annealing to form the etch tracks.
On the other hand a stack of a few layers graphene makes its surface pretty flat which
makes the catalyst particle to be more movable and finally results in larger particles
and more separated apart.
Therefore, in order to form a nanogap on single layer graphene through catalytic
hydrogenation, an atomically flat substrate which is stable during the hydrogenation
process is desired. One such a candidate for graphene substrate is hexagonal boron
nitride which provides an atomically flat surface.
Figure 6.6 shows a flake of graphene which has been transferred over a flake of
hBN. After Ni deposition, the sample is subjected to a CVD process to form etch
tracks on the sample. The AFM height image in Figure 6.6(d) shows lower number of
particles and enhanced catalytic etching of graphene/hBN regions, while the number
or particles are significantly greater on the graphene/SiO2 region and less etching is
observed. Figure 6.6(e) is an enlarged image of yellow box in 6.6(d) that shows a
bilayer flake of graphene on hBN. The width of these etch tracks on graphene/hBN
regions – where one of them has been identified by a red arrow – is 15-20 nm. These
results imply the importance of an atomically flat substrate that can survive the
material processing necessary for future nanodevices.
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Figure 6.6: Graphene nanogap formation through catalytic etching of graphene on
hBN substrate. (a) Optical image of graphene flake before transfer onto hBN. (b)
Optical image of hBN flake on SiO2. (c) Optical image of graphene flake transferred
onto hBN. (d) AFM image of etched graphene on hBN taken from the red box in (c).
(e) Enlarged AFM image of yellow box from (d).
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Appendix A Supplementary Information: Etch-Track-Directed Growth
of Carbon Nanotubes on Graphite
Figure A.1 shows a scanning electron microscope image of the etched graphite flake
circled by the blue line in Figure 4.1 from the main text. The white lines are the
nanotubes while the faint gray lines are the etch tracks. Figures A.2 and A.3 show
other flakes on the same wafer as in Figure 4.1 from the main text which also show
aligned nanotubes to the etch tracks.
Figure A.1: Scanning electron microscope image of the etched graphite flake with
aligned nanotubes (white lines) circled by the blue solid line in Figure 4.1 from the
main text.
Figure A.4(a) shows a histogram of aligned CNTs and etch tracks (defined as those
which are within a four degree window around the peaks as a function of angle) taken
from Figure 2 of Ref. [47]. A comparison to lengths between the aligned CNTs on FLG
and the ones on etched graphite is made by normalizing the histogram data in Figure
A.4(a) and Figure 4.3(c) from the main text. This normalized data is computed by
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Figure A.2: Scanning electron microscope images of another etched graphite flake
with aligned nanotubes from a different part of the same wafer shown in Figure 4.1
from the main text. (a) Flake encircled with solid-blue line. (b) Enlarged image
showing the aligned nanotubes (white lines) and etch tracks (faint gray lines).
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Figure A.3: Scanning electron microscope images of another etched graphite flake
with aligned nanotubes from a different part of the same wafer shown in Figure 4.1
from the main text. (a) Flake encircled with solid-blue line. (b-c) Enlarged images
showing the aligned nanotubes (white lines) and etch tracks (faint gray lines).
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dividing the raw histograms by the total number of corresponding nanotubes in each
case. The normalized histogram in Figure A.4(b) shows that the aligned nanotubes
on etched graphite are much longer than those on FLG by almost a factor of two.
Figure A.4: (a) A histogram of the aligned CNTs and etch tracks taken from previ-
ously reported data on FLG (figure 2 from Ref. [47]). The histogram was restricted
to those etch tracks and nanotubes which were within four degree windows of the his-
togram peaks as a function of angle. (b) Normalized histogram of crsytallographically-
oriented CNTs in (a) grown on FLG compared to ones grown on etched graphite
(from Figure 4.3 in the main text). The normalized distributions were obtained by
dividing the histogram bin values in (a) and Figure 4.3(c) in the main text by the
corresponding total number of nanotubes.
Figure A.5 shows an optical image of a thick graphite flake on SiO2. AFM images
of different regions of this flake have been shown in Figure 4.7 in the main text and
the red boxes show approximately where the AFM images were taken.
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Figure A.5: An optical image of a flake of graphite in Figure 4.7 where the red boxes
and labels represent where the AFM images where taken.
Copyright c© Mohsen Nasseri, 2018.
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Appendix B Supplementary Information: Aligned van der Waals
Coupled Growth of Carbon Nanotubes to Hexagonal Boron Nitride
B.1 Overview of Samples
We have attempted the growth of nanotubes on hBN using chemical vapor depo-
sition (CVD) for 10 runs. An overview of the CVD parameters used is in the
preparation of the sample is detailed in Table B.1. Samples MNhBN01, MNhBN02,
MNhBN04 and MNhBN07 were scanned extensively and showed clear evidence of
crystallographically-oriented CNTs on hBN. On samples MNhBN03 only a couple
flakes were scanned, though these likewise showed evidence of crystallographically
oriented CNTs and star defect formation. Several flakes were scanned on samples
AAhBN03 and AAhBN24 and these showed evidence of CNTs on hBN, though the
crystallographic orientation was not extensively observed. On samples AAhBN04,
AAhBN07, and AAhBN13, one, two, and three flakes were scanned, respectively,
which did not show CNTs on hBN.
B.2 Star-Like Defects
The star-like defects mentioned in the main text, that accompany nanotube growth,
are more easily resolved for hBN films that do not contain many nanotubes. Figure
B.1 shows such a film (taken from sample MNhBN-03) that shows shorter nanotubes
and more prominent star-like defects. One such star-like defect is pointed to by
the yellow arrow, and can extend over length scales greater than a micron. This is
considerably longer than the typical length of the straight-line segments for nanotubes
on hBN, as shown in Figure 5.2(b) of the main text.
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Table B.1: Details of the CVD processing parameters used for the samples in chapter
5.
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Figure B.1: A hBN flake from sample MNhBN-03 having fewer nanotubes and promi-
nent star-like defects (pointed to by the yellow arrow), thus making them much more
easily discernible.
B.3 Control Samples Used in the Raman Microscopy Investigation
To perform a controlled Raman measurement of deposited CNTs on hBN samples, 1
mg of double-wall carbon nanotubes (purchased from Sigma-Aldrich) was mixed with
15 g of isopropyl alcohol (IPA) and ultra-sonicated for 3 hours. The CNT mixture
was then drop cast (2 drops from a Corning 7095B-5x pipet) onto a SiO2/Si substrate
containing exfoliated hBN flakes. The substrates were then placed on a hot plate to
evaporate the IPA. This procedure was then repeated multiple times to increase the
density of CNTs on the sample. The Raman spectra in Figure 5.4(c) (corresponding
to the optical image in Figure B.2(b)) was taken after a single application of this
procedure. The spectra in Figure 5.4(d) (corresponding to the optical image in Figure
B.2(c)) was taken on the same hBN flake after the procedure was repeated 5 times.
All the Raman measurements (the spectra in Figures 5.4(b) to 5.4(d)) were taken
from the same spot of the hBN control sample after various amounts of CNTs were
deposited. This spot is marked by the red cross in each of the panels of Figure B.2.
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Figure B.2: The control samples for Raman measurements. (a) The hBN flake prior
to deposition of CNTs out of solution. (b) The hBN flake after one deposition of
CNTs. (c) The hBN flake after five depositions of CNTs out of solution. The red
crosses in each image are the locations where the spectra in Figures 5.4(b)-5.4(d)
were taken. The scale bars in each of these panels are 10 µm.
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Appendix C Supplementary Information: More Nanoscale
Hetrostructures
The electronic characterization of the devices between leads 1L to 1R and 1R to 2R
explained in the main text. Figure C.1 shows the output and transfer characteristic
of the device between leads 3L to 3R. The output characteristic shows a linear behav-
ior. However the gate response is unusual. One possibility is that the nanogap has
not been opened completely and still few graphene channels exist under the MoS2.
Moreover, we couldn’t get any reasonable data from all other combinations and we
believe there are few discontinuity in our patterns. Other devices show very high
resistance, indicating possible issues with the metallic leads.
Similarly, for the device presented in Figure 6.3 we could only test one of these
permutations and all other devices show high resistance, indicating issues with the
metallic leads.
Figure C.1: (a) AFM image of final device structures after removing the unwanted
regions by RIE. (b)-(c) The output and transfer characteristic of one of the devices
3L to 3R in (a).
Copyright c© Mohsen Nasseri, 2018.
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